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FOREWORD 


During the period from 22 March 1956 to 30 September 1956 the 
Bell Aircraft Corporation conducted an investigation of a weapon ay stem 
Incorporating a manned, rocket-boosted, hypersonic glide, reconnais¬ 
sance airplane under Air Force contract. Upon completion of this work, 
the contract was extended to 31 August 1957. This work bar been per¬ 
formed under contract with the Intelligence and Reconnatcsance Systems 
Division, RDZPI, Air Research and Development Command, Contract 
Number AF 18(600)-1607. The work extension was accomplished under 
Supplemental Agreement No. 4 (57-19) to this contract. The effort dur¬ 
ing this program has Included design studies, system analyses, and test 
programs (with emphasis on the latter.) 

The work accomplished under Supplemental Agreement No. 4 Is 
reported in the followli* series of Bell Aircraft Corporation reports of 
which this report Is a part: 


Number 


Title 


D143-945-049 
D143-945-050 
D143-945-051 
D143-945-052 
D143-945-053 
D143-945-054 
D143-945-055 


Aerodynamics 
Structures 
Flight Control 
Radar 

Photographic System 
Weapon System 
Summary Report 


The results of the navigation system Investigation which was sub¬ 
contracted to the General Electric Company are reported In their report, 
R57 APS83, which is also a part of this series of reports 


In addition to these reports, a series of test data reports covering 
specific experiments conducted under this contract have also been pre¬ 
pared and are being submitted in accordance with the terms of the con¬ 
tract. 
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This report summarizes the work accom¬ 
plished in the design studies, system analyses, 
and test programs associated with the applica¬ 
tion of the rocket-boosted glide aircraft principle 
to a reconnaissance function. The latter func¬ 
tion includes radar, ferret, and photographic 
capabilities. Two basic configurations utilizing 
two stages of boost are recommended for further 
study. Cne configuration consists of an expend¬ 
able first-stage booster and a second stage 
which is a glide airplane containing the second- 
stage boost motors and tanks. The other 
configuration also consists of an expendable 
first-stage booster, but in thie case the second 
boost stage (motors and tanks) is also expend¬ 
able. The glide aircraft in this case is consider¬ 
ably smaller, since it does not have to carry 
these expendable components during cruise. 
Analyses of both liquid and solid propellant 
combinations have been conducted from both a 
cost and installation standpoint. Typical con¬ 
figuration* using both types of propellants are 
presented. Other design areas considered 
include side-by-side crew seating, vertical fin 
size and location, and leading edge designs 
(cooled ard heat-sustaining). 

Structural design investigations have re¬ 
sulted in improved methods of double-wall 
panel construction, sealing, and attachment. 
The construction improvement includes design, 
structural materials, and insulation. Tests have 
been conducted which indicate the feasibility of 
this type of structure for thermal, load-carrying, 
and flutter considerations. Studies and tests 
with respect to "hot-spot” areas (nose and 
leading edge) Indicate feasibility of both liquid- 
metal and heat-sustaining techniques. Prelim- 
tnaiy studies of the use of pressurized hydrogen 
as a coolant for both these and the primary 
cooling areas indicate that further investigation 
is warranted. 

Aerodynamic analyses and experimental 
programs which better define the environment 


resulting from high-speed and high-altitude 
flight have been conducted. The results of 
these programs are compared with existing the¬ 
ories and techniques used to compute Brass Bell 
parameters. In general, no major modifications 
at techniques used are necessary, and especially 
good correlation was obtained in the case of the 
heat trrjtsfer methods. 

Studies of the navigation system Indicate 
that the use of a radar altimeter for vertical 
channel Instrumentation is both necessary and 
practical. The effects of cross-coupling be¬ 
tween channels, which occurs when the true 
coordinate system vid the coordinates Indicated 
by the navigation system are not coincident,are 
shown to be negligible. The application of 
digital techniques to this system is shown to 
be satisfactory. 

Reaction controls are shown to be un¬ 
necessary for the flight conditions encountered. 
The use of a constant angle of attack as a means 
of control for approximating the maximum glide 
range Is recommended. 


A multifrequency coherent Doppler system 
has been shown to be marginal for the radar 
reconnaissance of the required resolution. A 
number of other types of systems have been 
studied, and the design compromises necessary 
for obtaining the desired performance hare been 
established. 

It now appears that the ferret systepa ] 

capability can be extended down to the 100- J 

megacycle frequency by modifying the systems ? 

previously proposed and providing additional j 

antennas. Additional ferret capsules will not 
be required. i 

+ 

The desired photographic capabilities can 
be achieved, even for low-contrast objects, * 

through the use of photographic emulsion tech- * 

niques presently known and the use of focal * 
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length# compatib’* with the space available in 
the aircraft. 

The advantages aad problems associated 
with displaying the radar, map, and optical 
information on a single display medium are 
discussed. 


Operational and ground support areas 
which Involve unusual or significant develop- 
menta are discussed. Depending upon the design 
adapted, these will include such areas as rocket 
test facilities, propellant manufacture and stor¬ 
age facilities, coclant manufacture and storage, 
and subsystem checkout facilities. 


.» 
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The feasibility of utilizing a manned, 
rocket-boosted, hypersonic, glide vehicle with 
intercontinental range to perform various mil¬ 
itary missions was explored by the Bell Aircraft 
Corporation as early as 1951. This work was 
expanded until, in April of 1954, a contract was 
negotiated with the Air Force under which Bell 
Aircraft was to conduct an analysis of the tech¬ 
nical problems involved in the design of such a 
vehicle for use in a strategic bombardment/ 
reconnaissance weapon system. As this contract 
neared completion, it was extended to include 
analytical investigations and design studies of a 
weapon system which adapted the rocket tiomher 
concept either to satisfy or exceed the criteria 
for a reconnaissance weapon system as pre¬ 
sented in Development Requirements, System 
No. 118P. 

On the basis of the preceding studies which 
indicated the feasibility and reconnaissance 
value of an aircraft capable of such perform¬ 
ance. Air Force Contract 18(6001-1607 was 
awarded to the Bell Aircraft Corporation. The 
objective of the work under this contract was 
to conduct design studies, system analyses, and 
test programs of such a vehicle for reconnais¬ 
sance purposes, 

Upon completion of the work required by 
the miMat contract, the contract was extended 
by Supplemental Agreement No. 4. Under this 
agreement, the general objectives of the con¬ 
tract remained the same. The only major 
changes were in the capabilities desired of the 
reconnaissance sensors. The new capabilities 
are enumerated in Section III. 

One of the major recommendations with 
respect to any future effort, which resulted 
from the work done initially under this contract 
stated, "The program should continue to em¬ 
phasize the experimental aspects of the neces¬ 
sary investigations. Further verification of 
much of the theoretical work can be obtained 
onlv bv means of experimental confirmation " 
This recommendation is the keynote to the work 
performed under Supplemental Agreement No. 
4. The major effort was devoted toexperimental 


work in the fields of structures and aero¬ 
dynamics. Design study effort was limited to 
that required to guide and interpret work in othei 
phases of the program. A relatively small 
amount of effort was devoted to the analysis 
of subsystems. 

Many of the experimental programs wen 
conducted in outside facilities, either under sub¬ 
contract or in Government facilities using 
Government funds. In the latter cases, the onlv 
expense to the contract is the model. Wherevet 
the experimental work has l>een completed, the 
results have been incorporated into the current 
series of reports. In some cases it was neces¬ 
sary to schedule tests beyond the original con¬ 
tract completion date because of facility sched¬ 
uling and equipment procurement. The work 
accomplished on these tests will be reported 
upon completion of the tests. 


The only subsystem study program sub 
contracted during the present phase of the con 
tract concerned the Navigation System. Thb 
work, which was performed by the General Elec¬ 
tric Company, was an extension of the work then 
had Initiated during the previous study period 

Two types of reports have been prepare< 
for submission in this series: general technica 
reports covering certain technical areas (a.*- 
listed in the Foreword) and test data report! 
covering specific tests. All reports submitter 
are listed in Appendix I. 


This report summarizes the workarcom 
plished during this program period, and when¬ 
ever possible indicates the effects of expert 
mental results upon weapon system design. I 
also includes specific recommendations as t 
how future efforts may best be expended in th« 
development of a hypersonic boost gild** wrap > 
system Recommendations for future work »r- 
presented in detail in a program planning repot 
(Reference 1) which was also prepared under thi 
Contract. 
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A. REQUIREMENTS 

The military requirements of this re¬ 
connaissance aircraft weapon system, as defined 
in the contractual work statement, are as fol¬ 
lows: 

1. PERFORMANCE OBJECTIVES 

a. The Air Force has a long-range 
requirement for a reconnaissance weapon sys¬ 
tem capable of intercontinental range. However, 
an urgent intermediate requirement exists for 
a vehicle with a minimum range of 5500 nautical 
miles. 

b. Operational altitudes in excess of 
100,000 feet at hypersonic flight speeds are re¬ 
quired. 

2. OPERATIONAL FEATURES 

The system is desired to have the fol¬ 
lowing operational capabilities: 

a. Pioneer and surveillance recon¬ 
naissance consisting of the following- 

(1) Photographic cove rage, both 
search and detail targeting. Re¬ 
solvable surface dimensions 
will be no greater than 20 feet 
and 5 feet respectively. Re¬ 
solvable surface dimensions of 
one (1) foot are desirable. 
(These requirements have been 
interpreted as corresponding 
respectively to the "Terrain", 
"Operational" and "Technical" 
objective reconnaissance re¬ 
quirements of Reference 2.) 

(2) Ferret surveillance from 1000 
me to 40,000 me. Ferret sur¬ 
veillance from 100 me to 1000 
me is desirable. 

(3) Radar surveillance using high- 
resolution techniques. Resolv¬ 
able ground dimensions will be 
no greater than 100 feet. 


(4) Auxiliary data is to be recorded 
concurrently with the recording 
of basic reconnaissance data. 

(5) A ground data handling system 
compatible with Project 438L. 

b. The navigation accuracy shall be 
consistent with the needs of the reconnaissance 
subsystems. 

B. SYSTEM DESCRIPTION 

The Brass Bell weapon system concept 
centers about the use of a manned, hypersonic, 
glide vehicle which is rocket-boosted to the 
velocity (18,000 feet per second) and altitude 
(170,000 feet) necessary to obtain the required 
glide range (5500 nautical miles). The boost 
and cruise portions of the flight are shown in 
Figures 1 and 2, respectively. Although the 
design of a configuration has not been em¬ 
phasized in this phase of the program, two 
typical configurations have been included in this 
report to illustrate the trends indicated by the 
results of this period of study. (Refer to Fig¬ 
ures 3, 4, and 6.) Both liquid and solid-propel¬ 
lant rocket engines have been considered, and a 
typical configuration using each type of engine 
is presented. The liquid propellant configura¬ 
tion uses lox - JP-4 in the first stage and fluorine - 
ammonia In the second stage. The solid pro¬ 
pellant configuration uses solid fuel in the first 
stage boost only and fluorine-ammonia in the 
second stage. 

In addition to the propellant Investigation, 
two different boosting configurations have been 
considered, one using two expendable booster 
stages, the other using a single expendable stage 
but retaining the second stage motor in the air¬ 
plane. Both configurations shown here have two 
expendable stages. It Is reiterated that the con¬ 
figurations shown are typical and do not con¬ 
stitute a recommendation at this time. 

In ->rder to provide control during the first 
stage of boost, the thrust nozzles are gimballed 
such that they can be deflected In the same direc¬ 
tion for azimuth and longitudinal control and dif¬ 
ferentially for roll control. During the second 
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Figure 1. Typical Flight Profile - Booat Phase 

stage of boost, control is also provided by gim- 
bslled thrust chambsrs for the configurations 
shown. 

The vehicle is launched vertically, and, 
while vertical, is rolled into the correct aaimuth 


angle. As it climbs along this r.eimuth, it is 
deflected through s programmed attitude se¬ 
quence which provides aero attitude change at 
boost separation and places the airplane in the 
proper attitude for glide at maximu o lift -to- 
drag ratio at the end of burning. During the 
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Figure 2. Typical Flight Profile - Glide Phase 


first stage of boost, the attitude is programmed 
as a function of time; during the secood stage 
of boost, it is programmed as a function of 
altitude. 


Once the vehicle is at the pioper angle of 
attack for maximum L/D (at the end of boost). 
It is maintained in this attitude throughout the 
flight. It is presently contemplated that this 
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attitude will be controlled by maintaining con¬ 
stant angle of attack which very closely approx¬ 
imates the maximum L/D condition. 

The navigation system is designed around 
an inertial platform which provides the basic 
reference Information. This navigation system 
utilizes an arbitrary coordinate system. The 
desired course is programmed into the naviga¬ 
tion system with latitude as a function of longi¬ 
tude (in the system coordinates), and the vehicle 
is maintained on course automatically. The 
course followed is a straight line in space — 
hence, curved with respect to the earth. This 
path is previously computed and laid out in 
order that the vehicle will not have to bank dur¬ 
ing its flight to compensate for Coriolis forces. 
The flight path can include maneuvers if deal red, 
either to reach specific areas of interest or to 
confuse any enemy attempt to predict the flight 
path for counteracttvitles. 

The navigation system presently under 
study will have the capability of directing the 
vehicle to the desired area with an error in in¬ 
dicated position corresponding to a CEP of 
approximately 10.0G0 feet at a range of 5000 
nautical miles. At all intermediate ranges, the 
error in indicated position will be less. To this 
error must be added any errors in the known 
location of the "target” aroa, since these errors 
will be incorporated Into the flight path pro¬ 
grammed into the navigation system prior to 
take-off. As a result of the new requirements 
for the capability of resolving a surface dimen¬ 
sion of one foot, it may be necessary to increase 
the accuracy of the navigation system. The 
ext re m - focal length required to obtain this 
capability limits coverage of the camera in¬ 
volved to a very small area. Unless some 
technique such as the use of a large format is 
utilized, increased navigational accuracy will 
be required. This limitation has not yet been 
established; hence, the navigation system re¬ 
quirements stated above have been retained. 

The weapon system will have provisions 
for three types of reconnaissance: ferret, 
photographic, and radar. Other reconnaissance 
systems are not required by the contract. How¬ 
ever. the use of infrared and other electro¬ 


magnetic systems (such as passive microwave) 
have been considered for use with this weapon 
system. 

It is planned to utilize the reconnaissance 
radar as a means of navigational checking dur¬ 
ing normal flight and as a primary navigational 
aid in emergencies. Hence, it will be included 
on all flights. Only one of the other types of 
reconnaissance systems will be included on any 
specific flight, as their size precludes the use of 
more than one at a time. Three different pho¬ 
tographic installations are required, i.e., one 
each for th< erraln, operational, and technical 
objective data. Similarly, two ferret installa¬ 
tions are required, one for radar order of 
battle and one for technical intelligence data. 
In all five cases, the size of the equipment 
Involved dictates that only one set of equip¬ 
ment can be carried on any given flight. Hence, 
there are, in effect, five different sets of 
equipment which can be carried one at a time 
with the radar. The other types of recon¬ 
naissance equipment have been examined only 
with respect to feasibility and no installation 
estimates have been prepared. 

The reconnaissance data will be recorded 
by the particular sensor involved. The naviga¬ 
tional and other supplementary data required 
for interpretation of the reconnaissance data 
will be recorded on a central recorder which 
can be used with all the sensors. The tie-in 
with the reconnaissance data will be made by 
means of a time-index. All reconnaissance and 
recording equipment will be started, controlled, 
and stopped automatically in normal operation. 

After completion of the data-gathering 
portion of the flight, the vehicle continues to 
glide on to the landing area. The system is 
designed such that the required range (5500 
nautical miles) la achieved at the time the 
vehicle has decelerated to a velocity of 4000 
feet per second and an altitude of approximately 
100,000 feet. With this residual energy, the 
vehicle has the capability of flying approximately 
300 miles if no turns are required cr of reach¬ 
ing the landing site if it is within appioximately 
120 miles of either side of the vehicle's course 
and less than 150 miles ahead of the vehicle's 


8 


REPORT NO D 143-945-055 

SECRET 


PROJECT BRASS BELL 


present position. Several types of around 
equipment are available for landing aids. Sys- 
terns which provide a maximum of aid with a 
minimum of airborne equipment are preferred. 

After the vehicle has landed, the recon¬ 
naissance data are removed and fed into the 
438L ground data processing eouinment. The 
methods of airborne data recording have been 
coordinated with work underway on project 438L. 

The vehicle itself must be picked up and 
loaded on a dolly for transportation either to the 
site for return flight, or to the equipment to 
transport it back to the original launching site. 

The function of the crew throughout the 
flight is to perform the tasks which check prog¬ 
ress of the flight or operation of the entire 
system, and either to supplement or take over 


for the automatic equipment whenever deemed 
necessary. By this means the crew increases 
the system reliability and provides It with the 
capabilities of Judgment, decision, and flexi¬ 
bility. 

During the system development, Initial 
low-speed flights of the final stage can be made 
using a B-36 as a mother airplane. This pro¬ 
cedure would have the advantage of pilot famil¬ 
iarisation during low-speed flights and landing, 
and would permit high-speed flights up to a 
velocity of 12,000 feet per second. Valuable 
flight information and control characteristics 
could thus be obtained prior to utilisation of 
the first-stage booster with the vehicle in the 
vertical take-off attitude. Also, in this type 
of flight program, the operational capability of 
all subsystems could be determined under con¬ 
ditions similar to those over the enemy area. 
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A. GENERAL 

The design study effort during this per¬ 
iod (Reference 3) was limited largely to that 
required to guide and interpret work in other 
phases of the program and to provtde"data for 
future optimisation of the two basic Brass Bell 
configurations considered during previous stud¬ 
ies. Both of these two configurations utilise 
two stages of boost, but differ In that the sec¬ 
ond stage of boost is Integral with the airplane 
in one configuration and expendable in the other. 
Details of these configurations are presented in 
Reference 30 . The selection of a single con¬ 
figuration on which to base future design studies 
is planned during the early stages of the next 
phase of the Brass Bell study. 

A summary of the various configuration 
studies is presented as well as two types of 
thermal protection systems. The character¬ 
istics of a number of propellant combinations 
are discussed. A brief analysis of the cost 
per flight of the expendable hardware items is 
also presented, and details of the electrical 
system are discussed briefly. 

B. CONFIGURATION 

Configuration studies were conducted to 
evaiuate the effects of changing various param¬ 
eters and their over-all effect on vehicle 
size and weight. A number of propellant com¬ 
binations were investigated, including solid 
propellants, and configurations established for 
each of these combinations. A side-by-side 
seating arrangement for the crew was incor¬ 
porated into the configuration utilizing two ex¬ 
pendable booster stages, instead of the tandem 
seating arrangement previously considered. 
This was believed to be advantageous from an 
Instrumentation and human factors standpoint. 
A revised vertical fin arrangement was studied 
to provide greater directional stability. As a 
result, the upper vertical fin was eliminated 
and the two lower vertical fins were increased 
in area. Figure 3 shows all stages of a typical 
configuration which incorporates these changer, 
and Figure 4 shows the final stage of this con¬ 
figuration. In this particular configuration, 


both stages of boost are expendable. Liquid 
propellants are used for both stages; !ox-JP 
for the first stage and fluorine -ammonia for 
the second stage. 

Thermal protection methods, Including a 
hydrogen cooling system and heat-sustaining 
leading edges were also investigated. 

1. EFFECT OF VARIOUS PROPELLANT 
COMBINATIONS 

The effects of various propellant com¬ 
binations on over-all vehicle stae and weight 
were studied to provide comparative data for 
evaluation purposes. Although these studies 
were conducted on a configuration which did not 
Incorporate the latest design Improvements, the 
results are applicable to the current configura¬ 
tions. Isolde solid propellant, fluorine-am¬ 
monia, and fluorine-hydrazine liquid propel¬ 
lants were investigated for both stages of boost. 
The latter propellant combination resulted in 
the lowest vehicle gross weight. A comparison 
of these vehicles is shown in Figure 5, while a 
comparison of the performance values of the 
propellants studied Is shown on Table I. Ad¬ 
vances in the solid-propellant rocket field made 
the use of a solid propellant fo.- the first-stage 
booster competitive with lox-JP as shown in 
this figure. Layouts were made of a configura¬ 
tion utilizing a solid-propellant first stage and 
a liquid-propellant (fluorine-hydrazine) second 
stage. A typical configuration using these pro¬ 
pellants is shown In Figure 0. 

2. SIDE-BY-SIDE CREW ARRANGEMENT 

The configuration with two expendable 
booster stages was revised to provide side-by- 
side seating instead of the original tandem 
seating arrangement in order to simplify the 
cockpit display and to provide better commu¬ 
nications between the two crew members, thus 
improving their efficiency. This rearrange¬ 
ment required an increase in fuitelage diameter 
from 60 to 72 Inches and the relocation of var¬ 
ious equipment items. As a result, an Inboard 
profile drawing was prepared ari is shown in 
Figure 7. The components for the primary 
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TABLE I 

Propellant Performance Values — I 

•P 



Sea Level 

Lox-JP 

254 

Fluorine-Ammonia 

275 

Fluorine-Hydraz Ine 

302 

Isolde 

230 

Solid 

250 

•50,000 ft 



structure water-glycol cooling system are lo¬ 
cated in the nose of the airplane. Just aft of 
these items is the pressurized forward equip¬ 
ment compartment for electrical and electronic 
equipment. The nose gear is stowed below this 
compartment. The cockpit is supplied with 
an atmosphere of 3.1 pal oxygen and 2.4 psl 
helium from containers which maintain these 
elements lit the liquid state. These containers 
and their associated converters are located in 
the forward equipment compartment. The crew 
members are provided with periscopes for 
external vision. Two eight-foot-long radar 
antennas aith provisions for space stabilization 
are provided aft of the crew compartment. Above 
these antennas is an aft equipment compartment, 
which is pressurized and houses the components 
for the Inertial guidance system and other 
electronic gear. The main landing gear la lo¬ 
cated forward of the reconnaissance equipment 
compartment. A skid is used to minimize 
stowage space and to eliminate the require¬ 
ment for brakes. Since the airplane takes off 
in a vertical attitude, the gear is used only for 
landing. The reconnaissance equipment com¬ 
partment is designed to accommodate any one 
of the five reconnaissance capsules. 

The liquid metal storage tank, sepa¬ 
rator, and pump are located in the base of the 
fuselage. These components are used for cool¬ 
ing the leading edge surfaces and nose of the 
body by circulating a sodium-potassium (NaK) 


60,000 Ft 

Remarks 


297 

O/F - 2.25 


344 

O/F - 2.5 P c 

- 300 

356* 

O/F - 2.0 


272* 

270* 

P 

* 1000 


liquid through the heated areas in a closed loop 
arrangement and then utilizing the heat of vapor¬ 
ization of lithium to cool this loop in the sep¬ 
arator. Exhaust gases are vented overboard. 

3. REVISED VERTICAL HNS 

Aerodynamic studies of the directional 
stability of the final airplane stage indicated 
that the effective upper vertical fin area com¬ 
bined with the two lower vertical fins was in¬ 
adequate. The lower fins, which are more ef¬ 
fective at hypersonic speeds, were therefore 
Increased in area which permitted complete re¬ 
moval of the upper vertical fin as shown in Fig¬ 
ure 3. In addition to this change, the fins were 
moved forward to clear the wing trailing edge 
control surfaces so that adequate elevator area 
could be provided. As a result of these changes 
it was necessary to move the main landing 
gear from the wing to the fuselage, which was 
accomplished with only a slight increase in 
fuselage length. 

4. HYDROGEN COOLING SYSTEM FOR 

LEADING EDGES 

Liquid metal cooling systems utilizing 
the heat of vaporization of lithium are being 
considered for cooling the leading edge s of the 
wings and fins as well as the nose of the body. 
Another potential cooling system utilize'! hy¬ 
drogen for cooling these areas. In oir«er to 
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Investigate the over-all effects of this type of 
cooling system, an airplane configuration was 
established. It was found that, with a slight 
Increase In fuselage length, the required a- 
mount of liquid hyd r og e n can be stored. A 
weight and balance analysis Indicated that a 
weight reduction of the glider stage, as com¬ 
pared to the lithium system, was significant 
enough to warrant additional studies of the 
hydrogen systems. 

C. THERMAL PROTECTION 

1. HYDROGEN COOLING 

The use of hydrogen gas, unique among 
the gases because of its high specific heat, as 
a coolant for the leading edges is under in¬ 
vestigation. There are several systems which 
appear promising. In the system used for an 
airplane configurational study to evaluate the 
use of hydrogen, the gas is used first as a 
coolant In the heat exchanger for the primary 
structure akin cooling system, then ducted 
through the leading edges of the flight surfaces, 
and then, as a relatively hot gas, used to drive 
the turbine of the Auxiliary Power Unit. When 
so used, the hydrogen exhaust gas reduces the 
quantity of hydrogen peroxide normally re¬ 
quired by the APU by about 50 per cent. In 
another system, the hydrogen gas, having served 
a* a coolant in the primary skin cooling system 
hr ;t exohanger, is then used in a similar manner 
in a he»t exchanger with a relatively easy to 
handle liquid metal, such as sodium-potassium 
an the heat transfer medium. Section V de¬ 
scribes this approach in more detail. Power 
recovery by means of a turbine is also pos¬ 
sible in this system. 

2. HEAT-SUSTAINING SYSTEMS 

The direct approach to thermal pro¬ 
tection of leading edges by means of heat- 
austaining materials and favorable nose shapes 
was studied. A leading edge design consisting 
of shaped blocks of silicon carbide attached to 
the wing structure by a connecting section of 
"pyroceram" has been investigated. Weight 
calculations of such a design indicate an air¬ 
plane weight reduction of 1400 pounds, when 
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compared to the lithium-cooled liquid metal 
system. 

”Pyroceram” was selected In this study 
as the material connecting the hot lending edge 
to the relatively cool wing structure because of 
Its high temperature strength and Its low ther¬ 
mal conductivity. There Is now evidence that 
resistance of pyroceram to thermal shock may 
be better than first reported, and therefore 
more acceptable. Unfortunately, pyroceram, 
according to present Information, has an emis- 
sivity ranging between 0.4 to 0.6. The desired 
emiaslvity for temperature relief for this ma¬ 
terial should be about 0.0. Further investi¬ 
gation of this material la required to deter¬ 
mine whether the required emisslvlty can be 
obtained. 

Pyroceram waa also investigated as 
a material for the outer wall panels of the 
double-wall type of construction. In this appli¬ 
cation, the low coefficient of expension of this 
material reduces the differential expansion be¬ 
tween the Inner structural wall and the outer 
thermal protective paneling, and so makes 
attachment and clomire problems simpler. 

Analysis indicates that 0.05-lnch-thlck 
outer wall panels with reinforcing waffle-type 
web# will satisfy the structural requirements. 
fh*ch panels would compete, weight-wise, with 
present designs in metal. The required em¬ 
iaslvity factor for pyroceram tn this appli¬ 
cation is also about 0.90. 

D. PROPULSION 

1. PROPELLANTS 

The studies conducted on Brass Bell 
to date have indicated the desirability of using 
high-energy propellants for the second-stage 
booster. Fluorine In combination with ammonia 
is one of the more promising combinations, 
although hydrazine is being investigated, and 
may result In an Increase in performance. The 
use of high-energy propellants for the first- 
stage booster is not as critics las for the second 
stage. This fact will permit the use of pro¬ 
pellants sue* as lox-JP, for which large thrust 
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motors are bow being developed. (First-stage 
thrust Is approximately 900,000 pounds and 
second-stage thrust Is about 60,000 pounds.) 
Experimental work is being conducted by the 
Rocket Division of Bell Aircraft on fluorine- 
ammonia propellants. A 35,000-pound-thrust 
motor has been successfully fired for a duration 
of about 10 seconds. Regenerative cooling with 
ammonia or hydrazine must still be Investigated. 
Considerable effort is required in this area. 

Because of the hypergolic qualities of 
fluorine with almost any fuel, the rocket motor 
system can be simplified appreciably. This is 
reflected in extremely smooth starting char¬ 
acteristics, and has been repeatedly demonstra¬ 
ted experimentally. To date no turbine-driven 
fluorine pump development work has been under¬ 
taken by rocket manufacturers, although some 
work has been done on pump seals for fluorine. 

A great deal of concern has been ex¬ 
pressed concerning area contamination due to 
fluorine rocket motor exhaust. Recently, sam¬ 
ples have been taken approximately 3000 feet 
downwind of a large horizontally fired fluorine 
motor. Sumpfes have been taken under varying 
atmospheric conditions and indicate not more 
than two parts per million of hydrogen fluoride 
in the air. This condition may be compared 
against an allowable human exposure of three 
parts per million for an eight-hour period. Of 
particular interest is the fact that the exhaust 
gases from these tests were not neutralized in 
any fashion. 

a. Isolde Monopropellant 

A recently developed monopropel¬ 
lant, Isolde, has been theoretically and exper¬ 
imentally investigated. This propellant theo¬ 
retically exhibits a specific impulse in the neigh¬ 
borhood of 230 seconds at sea-level conditions. 
It possesses a high bulk density and is a 
quiescent propellant as compared to liquified 
gases. Indications are, however, that it is 
susceptible to detonation under certain con¬ 
ditions, and difficulty has also been encountered 
In sustaining combustion with Isolde subsequent 
to Initial ignition with unsymmetrical dimethyl 
hydrazine. It appears that considerable work 


with experimental motor test and propellant 
property determination must be done before this 
monopropellant can be used operationally. 

b. Solid Propellants 

The solid propellant rocket field 
has shown great progress in the past year. Up 
to this time, various chaiacterlstlcs such as 
low specific impulse and temperature limitations 
have precluded solid propellants from consider¬ 
ations for use on Brass Bell. However, specific 
impulse values of 246 seconds at sea level have 
recently been obtained experimentally. Motors 
70 inches in diameter with a gross weight of over 
20,000 pounds have been successfully fired. Con¬ 
siderable experimental work is now under way 
on the feasibility of glmbslling solid propellant 
motor nozzles. Durations as long as 90 seconds 
have been successfully fired. A survey indicates 
that the Brass Bell vehicle could, within two 
years, have a solid-propellant first-stage 
booster of 30 million pound-seconds total im¬ 
pulse and exhibit a specific impulse of 250 
seconds at sea level. 

c. Lox-JP 

In the field of liquid oxygen-JP 
propellants, one manufacturer has now success¬ 
fully fired a single thrust chamber at a 300,000 
pound thrust level. Also, a successful starting 
technique has been established. A turbine pump 
for this motor is now under construction. A 
motor such as this, with a single pump and 
thrust chamber, provides both safety and re¬ 
liability. It Is estimated that an operational 
motor could be developed from this »xperi- 
mental work within two to three years' time. 

2. COST ANALYSIS 
a. General 

In the evaluation of the relative 
merit of various propellant combinations, pri¬ 
mary emphasis is usually given to the efferts 
on over-all size and weight of the complete 
weapon system. However, in a boos) glide 
type of vehicle, wherein the propulsion s/stems 
are not recovered, a very important factor is the 
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cost of the expendable materials. A brief cost 
analysis was therefore prepared analytic the 
cost per flight of vehicles using different pro¬ 
pellant combinations. 

b. Conditions and Assumptions 

The cost analysis is based upon the 
following conditions and assumptions: 

(1) All configurations use two 
stages of boost which are ex¬ 
pendable. 

(2) Propellant combinations in¬ 
cluded lox-JP-4, fluorine-am¬ 
monia, fluorine-hydrazine, the 
monopropellant Isolde,and 
solid propellant. 

(3) This analysis groups the cost 
into four major elements: pro¬ 
pellants, rocket engine system, 
airframe, and airframe heat 
protection. 

(4) In the case of the "solid" pro¬ 
pellants, the cost of the air¬ 
frame and engine are combined 
and insulation is not necessary. 
The unit costs of these items 
are summarized in Table n. 

(5) The cost figures presented do 
not Include any Research and 
Development expenditures 
(c.g., the cost of engine devel¬ 
opment and test for new pro¬ 
pellant combinations). Fur¬ 
thermore, the cost of ground 
facilities (such as a fluorine 
production plant) and support 
equipment have not been con¬ 
sidered. 

(6) The hardware costa of the re¬ 
coverable portions (the glide 
airplane) have not been In¬ 
cluded. 

(7) All the examples provide the 
same altitude, speed and flight 
range performance. 


TABLE n. UNIT COSTS 


Propellants 

Dollars 

Liquid Oxygen 

0.035/lb 

(1) Liquid Fluorine 

1.20/lb 

Liquid Ammonia 

0.044/lb 

(2) Liquid Hydrazine 

0.75/lb 

JP-4 (RP-1) 

0.021/lb 

(3) Isolde 

0.30/lb 

(4) Solid 

5.00/lb 

Hardware 

(5) Airframe 

35.00/lb 

(6) Rocket Engine 8ystem 

200.00/lb 

(7) Insulation 

141.00/sq ft 

(8) Booster Control System 

24,500/flight 

Solid Propellant Inert 

55.00/lb 


Hardware 

(1) The General Chemical Division of the 
Allied Chemical and Dye Corporation 
estimated that, with a fluorine production 
rate of 4.5 tons per day, the coot will 
be $1.20 per pound. If the output is in¬ 
creased to 10 tons per day, the cost 
would be $0.77 per pound. 

(2) The present coot of hydrazine Is $3.00 
per pound in drum lots. The projected 
cost at very high rates of production of 
$0.40 per pound. The cost of $0.75 per 
pound is consistent with the cost of $1.20 
per pound used for fluorine. 

(3) The present coot of Isolde is $0.82 per 
pound in small quantities. The pro¬ 
jected cost of $0.30 per pound used in 
this estimate is based on a discussion 
with Dr. Clark of NART8 concerning 
high quantity production. 

(4) The cost of $5.00 per pound assigned 
to solid propellants represents the pro¬ 
jected cost of propellant material plus 
loading and cur ring of advanced propellant 
formulations of the size required for 
Brass Bell capable of producing an 
over-all specific Impulse of 'J50 seconds. 
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(5) The airframe consists primarily of tanka 
of conventional conatruction. The coat 
per pound ia baaed upon current chargee 
for atmilar tanka and aeaociated atructure. 

(6) The rocket engine system (thruat chamber, 
gaa generator, and turbine pump) coat ia 
baaed upon data on a few actual engine 
systems modified where neceaaary by coat 
eetimatea from new engine propoaale. 

(7) The thermodynamic insulation protects the 
basic tank atructure from the effects of 
aerodynamic heating. The coat figure per 
square foot includes the outer wall mater¬ 
ial, associated brackets, and fibrous in¬ 
sulation between the outer wall and tank 
atructure. 

(8) This item refers to actuators fortheglm- 
balled -ocket motors aa well as any special 
control system elements in the boosters 
(such as rate gyros). 


c. Discussion of Results 

Figure 5 presents the results of this 
brief analysis based on a cost per flight of the 
system. Eight configurations were analyzed. 
The desirability of the use of high-energy 
propellants in the second stage of boost is 
clearly indicated. The use of solids or lox-JP 
in the second stage increases the cost In the 
order of 50% over those vehicles utilizing high- 
energy propellants in the second stage. This 
study also indicates that from the cost stand¬ 
point, the type of propellant used for the first 
stage of boost has little effect. In spite of the 
relatively high cost of the fluorine-hydrazine 
propellant combination, their high energy com¬ 
bined with their high density results in the 
cheapest firing cost of any vehicle studies. 


Indications are that solids compare very closely 
in cost to that of liquid propellants of the lox- 
JP type. II, however, boil-off losses with 
liquified gases are included, indications are that 
solid propellant boosters would be cheaper. One 
advantage of a solid first-stage booster is the 
elimination of insulation to protect against 
aerodynamic heating. This insulation as known 
today is a costly item. 

When sizes of the vehicles are 
considered in this comparison, no really signi¬ 
ficant difference in length is apparent unless 
low-energy propellants are used in the second 
stage. Fluorine-hydrazine in both stages re¬ 
sults in the lightest take-off weight of all 
vehicles studied. However, here again, as in the 
case of the length variations, weight differences 
among the various configurations are negligible 
unless low-energy propellants are considered 
for the second stage. However, a solid first- 
stage booster is approximately 30 inches smaller 
in diameter than any liquid first-stage booster 
studied. 


E. ELECTRICAL SYSTEM 

Operation of an electrical system at the 
altitudes and environmental conditions exper¬ 
ienced by Brass Bell will be somewhat sim¬ 
plified by locating most of this system in 
pressurized compartments under a controlled 
temperature environment. Equipment located 
outside of pressurized compartments can utilize 
self-contained pressurization systems. Power 
for the electrical system will be generated by 
two 75-horsepower hydrogen peroxide-driven 
auxiliary power units each drivlna a 15 KVA 
alternator. In the event of a failure of one 
APU, the other unit will supply the necessary 
power to safely continue the flight of the air¬ 
plane under emergency conditions. 
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A GENERAL 

Previous studies of the airframe con¬ 
struction, summarized in References 4 and 5, 
encompassed the pertinent areas of both the 
final stage and the boosters. New structural 
approaches were evolved for areas subjected 
to a high thermal environment, and a sound 
engineering basis was achieved by supple¬ 
mentary wind tunnel and laboratory tests and 
by analys s of the vehicle. 

The most efficient arrangement for most 
of the final stage structure was found to be an 
insulated and cooled light alloy structure. The 
evaporation of water supplied the cooling capa¬ 
city. The insulating system consisted of an 
outer wall of small temperature-resistant panels 
surrounding a layer of fibrous insulation. By 
division of this outer wall into small panels, 
freedom for thermal expansion was attained. 
For the wing leading edges and the fuselage 
nose, where heating intensities exceed the re¬ 
sistance of the outer wall, two approaches have 
been evolved: cooling by the evaporation of 
liquid sodium or lithium, and a "heat-sustain¬ 
ing" structure of refractory material. Booster 
structure has been optimized, resulting in the 
use of nsulated aluminum. 

In the past, effort was concentrated on 
the development of Double -Wall, as the com¬ 
bination of an outer wall and an insulated light 
alloy structure has been termed, and the two 
systems for "hot-spot” areae. Panel elements 
for the outer wall were designed, fabricated, 
and successfully tested for strength, reaction 
to transient heating, and susceptibility to 
flutter. Supporting materials testing Involved 
the oxidation resistance and strength of coated 
and uncoated materials at elevated temper¬ 
atures. An evaporative liquid metal cooling 
system, representative of one approach to the 
leading edge problem, was operated success¬ 
fully, and oxidation-resistance testing of re¬ 
fractory materials supported the other approach. 

In accomplishing this work, laboratory 
equipment to simulate the aerodynamic, thermal, 
and loading conditions was designed and built. 


Considerable assistance was obtained from the 
NACA in planning wind tunnel tests and in con¬ 
ducting such tests In their facilities. 

The work accomplished in the present 
period is summarized in Reference 6, and has 
included design studies, experimental inves¬ 
tigations, and investigations of special equip¬ 
ment required for future tests. Attention has 
been concentrated upon the continued develop¬ 
ment of double-wall construction and the two 
approaches to hot-spot areas. Other areas of 
investigation have included studies of various 
types of booster structure and a computation 
of structural stiffnesses. The latter Infor¬ 
mation was used for preliminary checks of con¬ 
trol system characteristics. Emphasis has been 
placed on experimental programs and, in par- 
♦‘•c demonstration of the practicability 
of double-wall construction. 

B. DESIGN STUDIES 

The design studies, which are summarized 
below, have inchided improved outer wall de¬ 
signs and Insulation arrangements, and an anal¬ 
ysis of panel flutter. Structural designs have 
been developed for both the cooled and heat- 
sustaining leading edges. Further studies of all 
structural cooling systems have concentrated 
on the use of hydrogen as the heat sink. Various 
types of booster structure were compared, and a 
successful correlation was made between tem¬ 
peratures calculated by the methods used 
throughout this work, and the results of recent 
flight tests. A review of the test results has 
formed part of the design studies. 


1. OUTER WALL PANELS AND INSU¬ 
LA NTS 

In the previous period two outer wall 
panel designs were developed, the corrugated 
panel (Figure 8b) and the sandwich panel (Fig¬ 
ure 8c). Both types were fabricated from 
0.005-Inch Inconel X sheet, with a honeycomb 
cell core of 0.002-inch material its the sandwich 
panel. Each panel had a span of 8 inches and 
a depth of approximately 0.3 inch. Continuous 
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PANEL DETAILS 
(ALL DIMENSIONS IN INCHES) 






WELDED HONEYCOMB WELDED COftftUSATIONS 
ALTERNATE SANDWICH DESIGNS 



STRUCTURE 


PANEL ATTACHMENT DETAILS 


ALL MATERIAL INCONEL X 
EXCEPT RETAINER PLATES AND 
SUPPORT CHANNELS OP TEST 
SPECIMENS 


Figure 8. Outer Wall Panel Details 


•nntvekfinc was used to fabricate the corrugated 
panel, while the sandwich panel was brazed. 
Both types of panels were supported, with free¬ 
dom to expand spanwlse, by using small edge 
angles, and external retainer strips. Expan¬ 
sion Joints were also provided in the skin by 
Vee-grooves at 4-lnchchordwise spacing. Tests 
in this previous period were conducted only on 
the corrugated panel. From these tests, to¬ 
gether with supporting analysis, objectives for 
the work of the present period were established. 


a. Improved outer wall designs to give 
better edge sealing, a smoother surface, a 
minimum of close-tolerance fabrication, and 
provision for the use of coated and nonmetal 11c 
materials. 

b. Continued theoretical and experi¬ 
mental investigations of panel flutter; tc include 
transonic conditions and additional panel de¬ 
signs. 
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c. Wind tunnel teste to Investigate 
panel edge leakage, internal airflow, panel 
loads, and outer wall drag. 

d. Continued transient heating and 
strength tests, including sandwich panels. 

e. Outer wall panels exposed to a 
stream having high stagnation temperature to 
check for local high-intensity heating. 

f. Panels exposed to representative 
engine and boundary layer noise. 

g. Continued oxidation and strength 
tests of coated and uncoated materials to extend 
outer wall usefulness above the limitations 
imposed by Inconel X. 

h. Continued development of low- 
density ceramic panels for use in the 1700- 
2500° F temperature range. 

1. Continued Insulation development to 
improve resistance to heat and vibration. 

Following these objectives, a large 
number of new outer wall designs were evolved. 
These designs included: 

a. Modifications of the origins! attach¬ 
ment by removing the retainer strips 
and attaching the panel directly, 
using floating nuts. 

b. The use of various forms of deep 
sandwich panels to combine Insula¬ 
ting properties and resistance to 
aerodynamic forces. 

c. Sandwich panels with localized at¬ 
tachments depending on support 
flexibility to absorb panel expan¬ 
sions. 

d. Similar to c. but with attachments 
free to slide and rotate. 

e. Sandwich panels attached by links. 

In the above designs using sandwich 
panels with point attachments, an attempt was 


made to reduce the weight and number of 
attachments and the thermal leakage path through 
the Insulation, by exploiting the multidirectional 
stiffness properties of the sandwich panel. All 
of these designs were based on the use of 
separate square panels having four attachment 
points. Two designs which most satisfactorily 
fulfill all requirements are shown is Figure 9. 

In the first of these two designs, the 
panel is supported by four posts which have 
freedom to slide and rotate in order to elimi¬ 
nate all restraint against thermal deformations. 
The sliding surfaces are adjacent to the cool 
aluminum structure to avoid binding due to 
oxidation, thermal warpage, etc. The posts 
are accessible on the outside of the panel to 
simplify assembly, and are screwed into a 
hlgh-temperature self-locking insert brazed 
Into the panel. This locking arrangement is 
patented by The Deiron Company, Inc. 

In the second design, links are used 
to obtain complete freedom without relying on 
sliding surfaces. Edge channels are used to 
distribute the concentrated loads into the low- 
strength core material. This is an alternative 
to the use of Inserts and is efficient if the 
edge member Is a necessary part of the panel 
sealing arrangement. Both the edge member 
and the Insert Introduce thermal stresses. 

The weights of these Improved designs, 
Including the panel, attachment and Insulation 
are 1.S9 pounds per square foot and 1.32 pounds 
per square foot, respectively, which compare 
with 1.46 pounds per square foot for the designs 
of Figure 8. 

All the attachment designs using local¬ 
ized supports have a common problem of sealing 
the panel edges. Many seal designs have been 
evolved on the basis of certain principles which 
past experimental experience have shown to be 
Important. These include: 

a. Minimizing of mass concentration. 

b. Avoidance of free edges in thin sheet. 

c. No dependence on ’'spring" In hot 
areas because of creep effects. 


REPORT NO. D 143-945-055 

SECRET 


25 




BEL 


S L C K fc l 


OUTER 



Figure 9. Improved Outer Wall Attachment Designs 


d. Avoidance of close tolerance fab¬ 
rication. 

Ti e most promising seal is shown In 
Figure 9. T t consists of a "rape” type material 
made of very fine fibers of silica or aluminum 
oxide, either of which have good temperature 
resistance and freedom from oxidation. These 
materials are normally very brittle, but by 
using them In fibrous form, the resilience 
necessary for a good seal can be obtained. 

Studies to Improve the resistance of 
fibrous Insulation to mechanical forces such 
as vibration has led to the experiment of pack¬ 
ing the Insulation In "bags" of woven "Refraail". 
This material Is also a high-temperature ln- 
sulant, but Is available only In a fabric form. 
The result has satisfactory mechanical proper¬ 
ties, but Is heavy. The use of an open mesh of 
Refraail Is proposed In order to reduce this 
weight. 

Because theoretical and experimental 
work on panel flutter is limited and Is generally 
Inapplicable to the outer wall panels, an analy¬ 
tical method which utilises experimental struc¬ 


tural Influence coefficients was developed and 
applied to the corrugated panel. The experi¬ 
mental Influence coefficients together with ’box" 
aerodynamic coefficients accounted for non- 
isotropic stiffness, aspect ratio, and edge re¬ 
straints. These analyses predicted panel 
stability throughout the range M « 1.2 to M * 4. 
No analyses were performed for other Mach 
numbers. 

Details of structural tests, and the 
data obtained, are given In Section C 'Test 
Results". From these test results the follow¬ 
ing design implications are drawn: 


a. The wind tunnel flutter checks show 
that both corrugated and sandwich panels have 
satisfactory flutter resistance for flight condi¬ 
tions over the speed range from M * 0.8 to 
M * 2.5. Tests to M « 4 were not complete at 
the time this report was prepared. Dynamic 
pressures considerably in excess of those 
expected during flight were applied in the 
theoretically critical speed range around 
M 3 1.4, This suggests that the use r; local 
rather than continuous panel supports will be 
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satisfactory for sandwich panels, or, alterna¬ 
tively, that the panel stiffness may be reduced. 

b. Internal airflow tests demonstrated 
that the degree of panel sealing which it is 
expected will be achieved by improved design, 
is not sufficient to Impose excessive loads on 
the panels. At the same time, the measured 
quantity of internal airflow was insufficient to 
disturb the insulation or to significantly Increase 
cooling requirements. 

c. Tests on a large model in the NACA 
Ames Unitary Plan Tunnel demonstrated the 
feasibility of double-wall construction in super¬ 
sonic flow at high dynamic pressure. No dis¬ 
turbance of outer wall panels or insulation 
was observed; panel loads were very small; 
and internal airflow was insignificant. Drag 
data have not been reduced at the time of 
leport preparation. TM* t-st also shows that 
no internal airflow problems will arise when 
better edge sealing is attained with improved 
designs. The possibility that Improvements 
may increase panel loads has been checked 
in c. above. 

d. Thermal tests on both types of 
panels showed satisfactory resistance to the 
tranrdent heating occurring during boost. The 
corrugated panels were marginal in this re¬ 
spect, emphasizing the importance of avoiding 
ni?ar concentration, long conduction paths, and 
thermal shielding in panel and attachment design. 
Temperature gradients were greater than pre¬ 
dicted, suggesting a need for increased emls- 
slrity of internal metal surfaces. Strength 
testa on panel elements showed a much smaller 
strength reduction with temperature than the 
reduction of design loads. Excessive strength 
reduction in the sandwich panels suggests either 
that the fabrication process must be Improved 
to reduce penetration of the face material by 
braze, or that a braze material having better 
strength above 1600*F must be developed. 

e. Elevated temperature tests of 0.005- 
inch foil stock showed Inconel 702 to have 
great promise as an outer-wall material up to 
a temperature of 1800*F. Chromalloy Type SA 
gives adequate protection for Inconel X against 


oxidation at 2000*F, but when tested at room 
temperature the material shows brittleness, 
the cause of which Is unknown. Materials 
investigations of sandwich ceramic outer wall 
panels are too elementary to state whether this 
method of reducing the weight of ceramic panels 
is feasible. 

f. Thermoflex RF-300 fibrous insula¬ 
tion, having a nominal density of 3 pounds per 
cubic foot, shows, from tests conducted to date, 
to be an adequate material up to 2000* F. 

g. Tests of an element of double-wall 
construction in the Ethylene Jet of the NACA 
Wallops Island facility, in which the specimen 
was subjected to Mach 2.0 airflow, showed that 
the construction can withstand equilibrium tem¬ 
peratures of approximately 1600* F without de¬ 
veloping significant hot-spots. The need for 
reducing outer-wall roughness, therefore, 
should not be dictated by the occurrence of 
hot-spot areas. 

2. WING LEADING EDGE AND 

FUSELAGE NOSE 

Previous studies of hot-spot areas in 
the wing leading edge and the fuselage nose 
were concerned with system analysis for the 
cooled approach, and material investigations 
for the heat-sustaining approach. In the present 
period, structural aspects have been investigated 
and preliminary designs developed for both 
approaches. Designs for a ccoled leading edge 
have asmimed the use of a sodium system, 
although this involves a considerable weight 
penalty, because of the present lack of suitable 
materials for use with lithium. 

For a sodium-cooled leading edge, 
maximum temperatures are approximately 
1400* F, and Inconel X is a suitable material. 
The principal problems are concerned with 
accommodating thermal expansion and mini¬ 
mizing temperature gradients and thermal 
stresses. 

The most promising design is shown 
in Figure 10. It consists of section? 8-1/2 feet 
long, each npported by six link', to permit 
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Figure 10. Leading; Edge Design 


expansion. The leading edge consists of a 
brazed sandwich structure of light gage material 
in which the skins are "expanded" In thickness 
to form thin-walled coolant passages. Supporting 
ribs are provided at each link, and spanwlse 
beams and an external plate close the gap 
between the leading edge and the outer wall 
panels. 

This structure Is segmented and provided with 
lightening holes to minimize thermal stresses. 
Spaces where boundary layer air might enter 
are filled with fibrous insulation to act as a 
flow restriction. To minimize chordwlse tem¬ 
perature gradients, all coolant flow is In par¬ 
allel, with one pass along the leading edge 
section, and return by a separate manifold. 
Satisfactory checks of airload, pressure, and 
thermal stresses have been made. 

Studies of the cooling system have 
shown that expansion of lines should b~ accom¬ 
modated by flexible double-bellows sections. 
Expansion loops and sliding joints were found 
unacceptable because of weight, space, and 
sealing problems. 

Thermal analysis of graphite and sili¬ 
con carbide shapes, for the heat-sustaining 
leading edge, has shown that maximum temper¬ 
atures can be reduced to approximately 3000° F 


by using a flat, rather than hemispherical, 
leading edge shape, and by also considering 
internal conduction. Oxidation tests conducted 
on a number of coated and uncoated refractory 
materials (see Section D, Test Results — Hot- 
Spot Areas) have shown the superiority of 
silicon carbide or compounds of this material, 
but no data have been obtained to indicate that 
it can be used for prolonged time periods at 
temperatures at »e 2800*F. 

Due tc low material strength and large 
chordwlse temperature gradients, thermal 
stresses Introduce another Important problem 
in the design of a heat-sustaining leading edge. 
Figure 11 shows a typical design in silicon 
carbide, which has adequate strength for aero¬ 
dynamic loads. Small sections, and a single 
attachment stud in each, are used to minimize 
thermal stresses. 



Figure 11. Heat-Sustaining Silicon Carbide 
Leading fcdge 
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The preliminary studies discussed 
above have shown promise for the heat* 
sustaining leading edge, but not feasibility. 
Many more combinations of material, leading 
edge shape, internal shape, and method of attach¬ 
ment remain to be examined. 


3. STRUCTURAL COOLING SYSTEMS 

In previous studies (Referenc* S) of 
the water cooling system for the fin*, stage 
primary structure, open and closed systems 
were examined, analytical methods were de¬ 
veloped for system optimization, and methods 
of incorporating cooling tubes into the structure 
were studied. Experimental work checked 
cooling tube spacing and thermal gradients 
between tubes. Weight studies were made of 
various liquid metal cooling systems for the 
wing leading edge, together with an analysis 
of operating conditions for sodium and lithium 
systems. An experimental evaporative sodium 
loop was constructed under subcontract by the 
MSA Research Corporation (previously Callery 
Chemical Company) and placed in operation. 

Tests conducted during the present 
period on the primary cooling system (Section D) 
have shown difficulties with resin bonding of 
cooling tubes to the structure due to low 
conductivity of the adhesive. A small per¬ 
centage of aluminum powder was included in 
the rc^in, bui proved insufficient to improve 
conductivity. At a later date, a commercially 
available resin was found in which good con¬ 
ductivity was achieved by the introduction of 
large quantities of aluminum. Calculations 
show that this conductivity should be sufficient. 
No cooling system tests were conducted with 
tills material but strength tests revealed good 
room temperature shear values despite the 
large proportion of metal; however, this strength 
is seriously reduced at operating temperatures. 

More successful were tests with tubes 
clipped to the structure and the fillets filled 
with an oil-based colloidal copper. Conduc¬ 
tivity is good, and tubes can be easily replaced 
or changed in position, but the oil base gives 
little control over the placement of material. 
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Other materials have been evolved for future 
experimentation. 

Another test of the cooling system 
has demonstrated the feasibility of the com¬ 
plete structural unit of outer wall, insulation, 
aluminum structure and cooling system, by 
operating continuously and satisfactorily under 
full-intensity heating. It was found that the 
heat conducted through the double wall to the 
primary cooling system agrees well with theory, 
and tha t the heat transmitted through the "short- 
circuits” (outer wall support structure) can be 
reduced to negligible values by adding insula¬ 
tion between the primary and outer wall support 
structure. 

During this period the evaporative 
sodium-cooling loop was tested by the MSA 
Research Corporation (Section C). Objectives 
of this testing were to show system feasibility 
and to check operation of a vapor-liquid sepa¬ 
rator, an expansion valve, and the vapor ex¬ 
haust nozzle. Apart from initial difficulties 
with instrumentation and some pump cavitation, 
all elements of the system functioned satls- 
fw:torlly. As a result of these tests the following 
conclusions were drawn: 

a. The danger of equipment failure due 
to air entry is nil, provided that 
the vapor exhaust system does not 
plug. 

b. The air entry did not complicate 
cleaning operations. 

c. The sodium vapor exhausted will 
produce dense vhlte smoke and In 
some cases a yellow flame. 

Air entry is not considered a ser¬ 
ious problem. 

Both "open" and "closed" types of 
systems have been considered. Reference 7 
contains an explanation of these systems; a sum¬ 
mary of the weight studies is given in Table m 

At the beginning of the present study 
period, it was considered that lithium would 
eventually be used as the heat-sink material 

*) 
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TABLE tQ. EVAPORATIVE LIQUID METAL COOLING SYSTEM WEIGHT COMPARISON 


System Type 

Coolant 

Circulating fluid 

Maximum Leading Edge Temp (*f) 

Open 

Sodium 

Sodium 

1600 

Cycle 

Lithium 

Lithium 

3040 

Sodium 

NaK 

1633 

Sodium 

Sodium 

1633 

Cloaed Cycle 
Lithium 

NaK 

3073 

lithium 

Sodium 

3073 

lithium 

lithium 

3073 

Tank, (lb) 

103 

S3 

103 

105 

54 

54 

53 

Separator mesh and tranattton (lb) 

ISO 

153 

150 

150 

153 

153 

153 

Nossle (lb) 

IS 

33 

IS 

16 

33 

33 

33 

Bvap. Coolant (lb) 

loss 

317 

1013 

1068 

305 

300 

317 

exchanger (lb) 

- 

- 

no 

105 

103 

00 

86 

Heating ■ '"ments (lb) 

36 

36 

- 

36 

- 

36 

36 

Expansion tank (lb) 

- 

- 

17 

17 

17 

17 

17 

Pump (lb) 

440 

ITS 

460 

400 

480 

400 

160 

Total (lb) 

ISIS 

655 

1887 

1607 

1033 

080 

743 


for m leading edge cooling syatem, because of 
Its large heat capacity. Data on lithium are 
generally meager and, accordingly, a literature 
survey was conducted by the MSA Research 
Corporation. Contacts were made with the AEC 
to obtain Ute most recent experimental data. 
Vapor properties and pool boiling characteris¬ 
tics were >'ound to be completely lacking, but 
corrosion Is generally accepted as the most 
serious problem of lithium systems. The cor¬ 
rosion mechanism Is not understood, but may 
be due to Impurities. Corrosion studies are 
being conducted for the AEC by Nuclear Devel¬ 
opment Associates. Theae Include the prepara¬ 
tion of pure lithium. 

Hie most Important advance in struc¬ 
tural cooling systems for Brass Bell was made 
during the present period, with the study and 
analysis of a system utilizing the sensible heat 
of hydroge n gas. Gaseous cooling systems were 
considered In the past, but were discarded 
because of the large ducts and blowers required, 
the handling and storage difficulties, and the 
small rates of heat transfer. These problems 
are resolved, however, by storage and pumping 
the coolant as a liquid and by using high pres¬ 
sure (1000 pel) when the coolant is in the 
gaseous form. 


The large heat capacity of hydrogen is 
due to its specific heat, rather than heat of 
vaporization, so that temperature rise Is Im¬ 
portant When heated from liquid to a gas at 
1100*F, hydrogen has a capacity which Is half 
that of lithium, but five times that of water. 
By using it to cool the entire structure, therefore, 
a net weight saving Is possible. The exhaust 
of high-temperature, high-pressure gas Is also 
available for generation of auxiliary power, 
with a saving of fuel weight. 

Two system arrangements have been 
considered and are shown (Ungrammatically In 
Figures 12 and 13. In both systems, liquid 
hydrogen is stored In a well-insulated aluminum 
tank at moderate pressure. After being pumped 
to 1000 pel in the liquid state, vaporization and 
temperature rise takes place in a heat exchanger, 
fed by heat from the cooling system of the 
primary structure. This heat is absorbed from 
the structure by the circulation of a water- 
glycol mixture through a closed circuit Hydro¬ 
gen temperature at this point Is -60*F, so that 
there is no difficulty maintaining the aluminum 
structure at any reasonable temperature. 

In the first system considered, the 
gaseous hydrogen then enters another heat 
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Figure 12. Schematic of fridirect Hydrogen Cooling System 
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Figure 13. Schematic of Indirect-Direct Hydrogen Cooling System 
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TABLE IV. COMPARISON OF HYDROGEN COOLING SYSTEMS 


Coolant 

Hydrogen 

Hydrogen 

Circulating Fluid — Primary Structure 

Water-Glycol 

Water-Glycol 

— Leading Edge 

NaK 

Hydrogen 

Coolant Weights (pounds) 

Hydrogen 

710* 

710* 

Water-Glycol 

85 

85 

NaK 

100 

0 

Component Weights (pounds) ♦ 

Hydrogen Tank** 

295 

295 

H 2 O-H 2 Exchanger** 

15 

15 

NaK — H 2 Exchanger *♦ 

33 

0 

Hydrogen Pump 

75 

75 

H 2 O Pump 

25 

25 

NaK Pump 

125 

0 

Total (pounds) 

1463 

1205 

System Temperatures ( F) 

Hydrogen, Tank 

-430 

-430 

Hydrogen, H 2 O-H 2 exchanger 

- 60 

- 60 

Hydrogen, outlet 

1100 

1100 

Leading Edge, maximum 

1400 

1375 

System Pressures (psia) x 

Hydrogen, tank 

65 

65 

Hyd;ogen, pump outlet 

1000 

1000 


♦ Includes 20% for in-flight boil-off and reserve. 

♦ Leading edge and piping weights assumed the same and are not included. 

♦ ♦ Includes insulation. 

x Pressure drop in distribution Bnes has been neglected. 


exchanger where Its temperature is raised to 
1100°F by leading euge heat transported by 
a closed loop through which NaK Is circulated. 
In the second system, the gaseous hydrogen is 
ducted directly to the nose and leading edges 
where it absorbs heat. Table IV shews typical 
characteristics of these two systems from 


which the weight advantage of the second system 
is evident. The principal disadvantage of this 
system Is the possible danger o' circulating 
gaseous hydrogen through a hot structure. 

From Table IV, the maximum leading 
edge temperature using hydrogen systems is 
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1400* F. This Is s particularly Important ad¬ 
vantage when compared with the evaporative, 
lithium systems because structural materials 
are available which have adequate strength, 
oxidation resistance, and other properties at 
this temperature. Both hydrogen systems are 
entirely feasible and are not dependent upon 
any materials development. Considerable ex¬ 
perience Is also available with circulating NaK 
loops similar to that used in the first of the 
two hydrogen systems described above. From 
a study of complete systems, Including evapo¬ 
rated coolant, the use of hydrogen offers a 
200 -pound weight saving when compared with 
lithium. This saving can be increased by 
approximately 250 pounds If some APU fuel Is 
saved by generating power from the exhaust 
hydrogen. It is expected, however, that this 
latter benefit will be offset by a slightly in¬ 
creased fuselage length, due to the large volume 
required for liquid hydrogen. 

4. BOOSTER STRUCTURE 

Because the structure of the first-stage 
booster represents a significant portion of the 
total structural weight of the vehicle, strength- 
weight studies of various portions of the booster 
structure have been conducted in previous 
study periods. These studies have included the 
analysis of various head configurations, and the 
study of the cylindrical portion of the booster. 
It war. found that an Insulated, ring-stiffened 
alur..inum alloy construction would weigh less 
and possess other advantages over an unpro¬ 
tected booster of the same construction, but 
made of heat-resistant material. More efficient 
constructions of steel, in which the cylindrical 
shell has greater longitudinal stiffness, such as 
sandwich or longitudinally-stiffened construc¬ 
tion, were not considered suitable because of 
the high degree of thermal stress which would 
be present and which would appreciably reduce 
the compressive strength. The aluminum con¬ 
struction was considered to be Insulated with 
the same outer wall panels as used in the 
final-stage vehicle. 

In the present study period, the pre¬ 
vious work on the cylindrical portion of the 
booster was reviewed, considering the reduced 
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thermal environment associated with a zero- 
lift type of flight plan, in order to provide weight 
data by which to optimize, at a later date, the 
final vehicle flight plan. In addition, the sig¬ 
nificance of the method of vehicle support and 
design loading conditions was estimated in 
terms of structural weight. 

It was found that unprotected booster 
skin temperatures were appreciably reduced 
from those computed for the lift flight plan; 
however, the resulting thermal stresses In the 
area of propellants at subatmospherlc temper¬ 
ature were still too high for either steel or 
uninsulated aluminum construction. 

Protected forms of aluminum alloy 
construction, other than the ring-stiffened 6061- 
T6 shell construction previously proposed, were 
Investigated. These were sandwich construc¬ 
tion, which proved to be the lightest, and ring 
and longitudinally-stiffened construction which 
fell between the weight of the sandwich and 
ring-stiffened shell constructions. Thermal 
stresses, arising when the tank is filled with 
extremely low-temperature propellants (like 
liquid oxygen) were considered large enough to 
fracture resin bonds which are quite brittle at 
these temperatures. For these temperatures, 
therefore, ring and longitudinally-stiffened shell 
construction can best be used. 

Further optimization Information 
should soon be made available from work per¬ 
formed by Bell Aircraft under Contract AF 
33(618)-5268 to the Aircraft Laboratory, WADC/ 
WCLSJ, entitled 'Investigation and Design Study 
for Fuel Stowage In High-Performance Aircraft". 

It seems reasonable to believe, for the 
short flight time of the booster, that a less 
costly and lighter form of insulation *han outer- 
wall can be developed. Expendable in- 

sulants for this and other applications are cur¬ 
rently under study by Bell Alt craft under Con- 
tract AF 33(616)-5306tothe Aircraft Laboratory 
WADC/WCLSS-2, entitled "Insulation of Air¬ 
frames Object to Aerodynamic Heating". 

In the study of other loading renditions 
for the booster, it was found that the lower 
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50 feet is designed by s ground wind condition 
which Introduces large bending moments, the 
reduction of which by other launching support 
techniques would result In an appreciable weight 
saving. A further reduction in weight would be 
possible (on die order of 500 to 1000 pounds) 
If the portion of the cylindrical shell which 
shrouds the engine compartment could be elim¬ 
inated by, perhaps, making this structure part 
of the ground Installation. 

5. CORRELATION OF HEAT TRANSFER 

DATA 

Because of the importance of aero¬ 
dynamic heating to the structural design and 
the need for extrapolating heat transfer calcu¬ 
lation methods to very high speeds, It Is 
necessary to correlate these methods with all 
applicable free-fllght test data. 

Free-flight test Information has been 
provided primarily by the Pilotless Aircraft 
Research Division of the NACA. The Information 
was obtained from three different vehicles with 
maximum velocities of 5400, 10,400 and 13,300 
feet per second, respectively. Temperature 
measurements were made both at the nose and 
aft er»i of the body, where small pressure gra¬ 
dients exist. As a result, they provide exper¬ 
iments'. checks on both the stagnation point and 
the fiat plate viscous beating theories used at 
Bell Aircraft. 

Comparison of data with the T Refer¬ 
ence Temperature method (Reference 8) showed 
excellent agreement for all flights for regions 
behind the stagnation point. For the stagnation 
regions, a preliminary comparison of methods 
developed at Bell Aircraft (Reference 9), Inclu¬ 
ding recent modifications (Reference 6), has 
shown agreement of heat flux predictions within 
20 per cent. Since equilibrium temperature 
varies as the fourth root of the heat flux, 
correlation with equilibrium temperatures Is 
within 5 per cent. This latter value Is Important 
to the study of the temperature-resistant leading 
edge, since feasibility Is critically related to 
temperature. Heat flux is Important In the 
design of the cooled leading edge, but only 
weight Is involved If flux predictions change. 


C. TEST RESULTS-DOUBLE-WALL 
CONSTRUCTION 

As noted previously, major effort was 
directed toward tests demonstrating the feasi¬ 
bility of double-wall construction, and for the 
development of elements of the construction, 
including the raising of the surface temperature 
limits In which the construction can be used. 
This work Includes a functional test of the 
construction at the NACA Ames Laboratory, 
flutter-check and hot-jet tests at the NACA 
Langley Laboratory, and general structural 
evaluation of the materials and components of 
the outer wall panel fibrous insulation and 
water-cooling system at the Bell Aircraft Re¬ 
search Division Laboratories. The flutter- 
check and hot-let test programs were planned 
with the assistance of the Structural Research 
Division, NACA Langley Aeronautical Labora¬ 
tory. 

The purpose and objectives of the tests 
and the design implications of the results are 
contained In Section B. Contained in this sec¬ 
tion are brief descriptions of the test specimens 
and setups, the equipment, Instrumentation, and 
test procedures employed, and pertinent re¬ 
sults. 

1. WIND TUNNEL FLUTTER CHECKS 

Previous wind tunnel flutter checks 
were conducted at the NACA Wallops Island 
facility at Mach 1.4, atmospheric density, and 
at elevated temperatures up to 950"F (Ref¬ 
erence 7). Flutter occurred In almost all 
panels tested, with the exception of config¬ 
uration shown In Figure 8b. However, It was 
possible to run only one test of the success¬ 
ful configuration. More experimental flutter 
tests were Indicated, particularly at trans¬ 
onic and high supersonic speeds, and at dy¬ 
namic pressures equal or greater than those 
which would be encountered by the Brass 
Bell vehicle. 

In the present period, tests were con¬ 
ducted at the NACA Langley Aeronautical Lab¬ 
oratory, Transonic Dynamics Brarch, 9 x 12- 
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inch transonic blowdown tunnel on elements 
of double-wall construction at speeds b etween 
Mach 0.8 and 2.5. The recent completion of 
these tests permits only the reporting of ob¬ 
servations made during the tests, without ben¬ 
efit of the analysis of recorded data. Similar 
tests at Mach 3.0 and 4.0 at the Gas Dynamics 
Branch are scheduled for completion late in 
August 1957. 

Two outer wall panel configurations, 
corresponding to those shown in Figures 8a 
and 8b were tested. Each specimen con¬ 
sisted of three continuously attached 4x8- 
inch panels held in place by the previously 
described retalrer plates In a specially-built 
fixture which replaced the floor of the tun¬ 
nel. There was insufficient room to mount 
the specimens on outer-wall support struc¬ 
ture; however, vibration tests conducted at Bell 
Aircraft previous to the test, in which the 
specimens formed a part of a total double¬ 
wall element, showed very good agreement in 


the first natural frequency with the panels 
subsequently vibrated In the wind-tunnel fix¬ 
ture at the NACA. 

The 8-inch panel dimension was aligned 
normal to the direction of the airflow. The 
specimens were Instrumented with strain gages 
with which to determine panel frequencies and 
amplitudes. Figure 14 shows the panel in¬ 
stalled in the bed-plate of the tunnel with top 
and nozzle blocks removed. 

The specimens were subjected to the 
following values of Mach number and dynamic 
pressure. A transonic nozzle block provided 
continuously variable Mach numbers from 0.8 
to 1.30 with corresponding maximum values 
of dynamic pressure from 2000 to 3080 pound* 
per square foot. Supersonic nozzle blocks 
provided maximum dynamic pressures of 1850 
pounds per square foot at Mach 1.41,3380 pounds 
per square foot at Mach 1.82, and 2080 pounds 
per square foot at Mach 2.5. 



Figure 14. Outer Wall Panels Installed In Floor of NACA-Lsngley 
Transonic Wind Tunnel 
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From observation of the action of the 
panels, and the strain gage readings on an 
oscilloscope during the tests, there was no 
model response that could be identified or 
suspected as being flutter. Though some 
motions of the panels were visible at high 
Mach numbers and dynamic pressures, as 
determined by strain-gage response, it is ex¬ 
pected that the subsequent study of the data 
will show these motions to directly match the 
static pressure fluctuations in the tunnel. Ex¬ 
amination of the panels after test showed no 
visible signs of damage. 

2. INTERNAL AIRFLOV 

An additional series of exploratory- 
type tests were conducted in the Bell-con¬ 
structed test fixture described in Reference 
7. The fixture accommodates a large element 
of double-wall construction and permits studying 
the effects of the leakage area In the outer wall 
on outer-wall pressure loads, mass rate of 
Internal airflow between the walls, and the ef¬ 
fects of this airflow on the fibrous insulation. 

The outer wall panel specimen used 
was of the type shown in Figures 8b and 8e. 
Though this design should permit less leak¬ 
age than the previous design tested, it was 
believed that the difference was insignificant. 
For this reason, all points of leakage were 
almost completely sealed with neoprene rub¬ 
ber, and for identification purposes, it wa« 
known as Seal no. 1. For some tests, every 
effort was made to effect a perfect seal (no. 
2 ), using additional strips of rubber over the 
outer-wall retainer strips and held in place 
with bolted plates as shown in Figure 15. In 
one group of tests, no insulation was em¬ 
ployed, while in the second group, the in¬ 
sulation was "packaged" in Refrasll bags. 
Though the Refrasll cloth was relatively heavy 
and not considered suitable for this application, 
it was the principle which was being explored. 
In installing the insulation for the second group 
of tests, it was necessary to remove the 
outer wall and replace the sealing, since, as 
subsequently learned from an analysis of the 
tests results, it was not possible to duplicate 
the degree of sealing. The seal types noe. 



Figure 15. Double-Wall Test Assembly with 
Special O ter Wall Seal 


1 and 2 were reidentified as nos. 3 and 4, 
respectively. 

Pressurized air introduced in ihe floor 
of the test fixture simulating the inner wall, 
or primary structure, which was then expelled 
through the outer wall (flow type A) (Figure 
15), showed more leakage per unit area with 
the insulation installed than without, signifying 
the greater importance of the degree of sealing 
than the presence of insulation. No appreciable 
difference was found in the leakage when the 
air was forced through one portion of panels 
from the outside, made to travel between walls, 
and expelled in an adjacent area of o-iter wall 
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panels (flow type B). This flow is graphically 
shown in Figure 16, a here the airflow through 
a unit area of outer wall is plotted against the 
pressure differentials applied. 

An additional test was performed to 
determine the effect of a high degree of outer 
wall sealing on panel pressure loads which would 
be Incurred during the ascent phase of the 
vehicle. In this test, Seal no. 2 (smallest 
leakage area) was used. The test fixture was 
sealed with ambient air and the portion above 


the double-wall specimen was vented to an 
altitude chamber evacuated to one psl. By 
means of a valve control, the pressure history 
of the critical ascent path for the vehicle was 
duplicated as closely as possible. Maximum 
pressure differential occurred during the in¬ 
itial portion of the ascent period and was 
measured to be 0.2 psl. 

In all tests conducted, the packaged 
inoulation showed no Indication of movement 
or breakdown. 



Figure 16. Measured Air Flow Through Oufer Wall Panels 
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3. LOAD AND FLOW CHECKS 

The teat of a largo model containing 
a full-scale section of double-wall construction 
In supersonic flow has been considered to be 
the major test by which feasibility of this 
novel form of construction can be demonstrated. 
This test, like die flutter tests previously de¬ 
scribed, was completed late In this study period, 
and only observations made during the test 
can be reported. It was conducted In the 
8 x 7-foot Unitary Plan Wind Tunnel of the 
NACA Ames Aeronautical Laboratory at steady- 
state Mach numbers ranging from 2.4 to 3.5. 

As more fully described in References 
5 and 8, the prlnlclpal objectives of the test 
program were to explore the general behavior 
of the construction in supersonic flow, and 
particularly the effects of outer wall venting 
on outer wall panel loads, internal airflow 
between walls, and the action of this flow on 
the insulation. Aerodynamic heating conditions 
were not reproduced in this test, and a dynamic 
pressure of only 700 pef was obtained in com¬ 
parison with a maximum flight dynamic pres¬ 
sure of 1700 psf, but this dissimilarity is not 
constd^rfid to be significant In evaluating the 
action of the construction. 

The model, as shown In Figure 17, 
contained a surface area of double-wall con¬ 
struction of 6.6 square feet located on one sur¬ 
face of the model. The design of outer wall 
panels used and their support structure was that 
as shown in Figures 8b and 8e. No additional 
sealing of these panels was made. The one- 
inch space between the outer wall and the por¬ 
tion of the model representing the primary 
structure was filled with fibrous insulation. 
Each of the 24 outer wall panel elements was 
Instrumented with strain gages to measure 
static and dynamic panel loads. Differential 
pressure pickups were located within the pri¬ 
mary structural element in addition to 24 pres¬ 
sure orifices. 

Tests were conducted with the model 
at angles of attack between ±14.65* for five 
intervals of Mach number. EXiring the starting 
condition, the model was buffeted by subsonic 


and turbulent flow which Increased In severity 
until supersonic flow was established. Loose 
pieces of the fibrous Insulation were observed 
to bounce around between the walls In that 
portion of the model visible through the Plexi¬ 
glas end panel of the model. Appreciable 
fluctuating panel loads were observed. After 
supersonic flow was established, the fluctuating 
pressure loads disappeared. Tufts mounted 
at the edge of the model behind the Plexiglas 
end panel showed no Indication of flow within 
the panel. This condition was confirmed by the 
almost uniform pressures recorded on the 
inner wall. At large negative angles of attack 
(with respect to the outer wall panels), how¬ 
ever, the Schlleren system indicated a large 
number of small shock waves originating from 
the test panel area. 

In order to determine the drag effects 
of the particular outer wall design tested and 
the supersonic pressure distributions on the 
model, the outer walls were replaced by a 
smooth panel containing pressure orifices. AU 
test conditions were repeated with this config¬ 
uration. These effects will be analyzed as 
soon as the detailed test data are available. 

4. STRENGTH, THERMAL, VIBRATION. 

AND NOISE TESTS 

General structural evaluation tests 
were conducted on elements of double-wall 
construction to aid In design-dev?! jpment and 
to verify methods of analysis. These are con¬ 
tinuing-type tests, some of which have been 
initiated In previous study periods. 

a. Strength 

Data were obtained on the elevated 
temperature yield and ultimate strengths, bend¬ 
ing modulus, and on the creep characteristics 
of the corrugated panel configurations shown in 
Figure 8a. The specimens were approximately 
2 x8 Inches, with the corrugations running 
along the long dimension. After exposure of 
the specimens to 10 and 100 hours at 1600* F, 
tests were run at both room and elevated 
temperatures up to 1600*F. Strength values 
of the skin or corrugation in compression gave 
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approximately the same values. The yield 
strength of the panels was defined as the 
stress at which buckling initiated; the ultimate 
strength was about 50 per cent higher. Stiff¬ 
nesses and yield strength, as a function of 
temperature and In terms of equivalent panel 
loading, In pounds per square inch, are shown 
In Figure TO. 

Limited creep data were obtained 
at 1000'F after a 10-hour exposure of the 
specimens at the same temperature. In one 
test, a linear creep rate (in terms of center 
deflection of an 8-lnch beam) for a period of 
two hours, with the panel having a constant 
applied moment of 20 Inch-pounds per Inch 
(equivalent uniform load of 2.5 pounds per square 
Inch), was observed to be 0.00095 inch per min¬ 
ute. In another test, a linear rate corresponding 
to a moment at 35 inch-pounds per Inch was 
observed to be 0.0098 inch per minute for a 
period of one hour. 

At this writing, the brazed honey¬ 
comb sandwich specimens were tested to only 


a limited degree. Before exposure of the panels 
for 10 and 100 hours at 1800°F, these specimens 
exhibited approximately the same strength as the 
corrugated specimens; however, after these 
temperature-soaking periods, the honeycomb 
panels lost a disproportionately large percent¬ 
age of their strength, and failure occurred in 
skin wrinkling or tension fracture. 

b. Thermal 

The initial thermal tests described 
In the previous study period (Reference 7), 
were conducted at the NACA, and showed that 
the original outer wall design was not com¬ 
pletely satisfactory. Though the panels, as 
described In Figure 8a, did not buckle per¬ 
manently when subjected to Initial heating rates 
as high as 100 s F per second, objectionable 
permanent wrinkling occurred when the panel 
reached temperatures beyond 1400* F. Thermal 
tests during this period, therefore, were con¬ 
ducted principally on new, Improved panel 
designs developed in the present and past 
study periods (illustrated In Figures 8b and 8c). 



Figure 18. Outer Wall Panel Yield Strengths at Room and Elevated 
Temperatures after Exposure to 1600 F for 10 and 100 Hours 
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Figure 19. Radiant Heating Facility and Thermal Teat Set-Up 


These (eats Involved subjecting elements of 
double-wall construction to various heating 
rates «jk1 temperatures. Some tests were 
conducted on special 8 a 8-lnch specimens In 
order to more fully understand the panel wrink¬ 
ling which occurred in previous tests. 

The specimens were three 4x8- 
lnch panels, continuously attached by expansion 
Joints, and mounted in a frame simulating the 
outer wall support structure and retaining 
plates; fibrous insulation was installed In all 
test specimens. The panels were radiantly 
heated by a Bell-constructed tubular quartz 
lamp facility, approximately 2 feet square, 
made In accordance with drawings supplied 
by the NACA Langley Aeronautical Labora¬ 
tory (Figure 19). Temperature distributions 
throughout the surface of the specimens and 
through their depth were measured, along with 
time-variable deflections of the panel sur¬ 
faces. In all tests, the maximum temperature 
of 1600 s F was never exceeded. Panel heating 
rates, reproducing critical and twice critical 


values which would be experienced by the 
Brass Bell vehicle in the boost phase, were 
applied by varying the distance between the 
specimen and the radiant heater while moni¬ 
toring panel skin temperature. In order to 
produce panel failures, high Initial and gradually 
decreasing heating rates were also applied by 
maintaining a constant distance betwee n speci¬ 
men and heater. 

It was found that the temperature 
gradient through the thickness in ^oth panel 
types was approximately 500*F for the heating 
rates corresponding to the Brass Bell flight 
path. This gradient produced a maximum 
center deflection of the panel of 0.I2S inch. 
The gradient was found to be extremely non¬ 
linear. Two types of outer skin buckling 
occurred In the corrugated-type design. The 
first, due to the nonlinear temperature gradient, 
produced small, permanent plate buckles be¬ 
tween the corrugations. Figure 20 nhowa the 
degree of panel deformation under an Initial 
heating rate of 160* F per second. The second 


REPORT NO D 143-945-055 


SECRET 


41 







6 E 


smut 



Figure 20. Corrugated Outer Wall Panel 
Undergoing High Heating Rate Teat 


type produced permanent wrinkling parallel to 
the corrugations, concentrated mainly in the two 
outside panel sections. From much experi¬ 
mentation with these and other panels which 
were unmounted, it appeared that the wrinkling 
was due to the nonunlform temperature dis¬ 
tribution across Hie panel face. This gradient 
(from panel center to panel edge, 1/2-inch 
from retainer plates) measured as high as 
250* F, and was obviously this to the heat 
capacity of the panel edging and panel sup¬ 
porting structure. It was found that cutting 
the chordwlae edges relieved, but did not 
eliminate, wrinkling. 

Though the honeycomb panel ex¬ 
perienced approximately the same temperature 
gradient! through Its depth and across its face, 
no such wrinkling occurred, even though the 
edging was uncut. Permanent buckling of the 
akin did occur In Individual honeycomb calls 
adjacent to the corners and edges of the panel. 
These were first observed at twice the Brass 
Bell heating rate. 

c. Influence Coefficients 

The load-deflection characteristics, 
or influence coefficients, were experimentally 
determined for the outer wall panel design 


described In Figure 8b. These coefficients 
were later used In the flutter analysis per¬ 
formed and are discussed In Section B. 

The test specimen consisted of three 
4 x 8-inch v o-wer wall panels mounted In a frame 
simulating the outer wall support and tetalning 
structure shown in Figure 8e. Concentrated 
loads were applied In Increments at 27 stations 
on the panel's upper surface. Panel deflections 
at these stations were measured by means of 
dial gages. Test data were presented In the 
form of a compliance matrix which, when 
combined with the mass matrix, yielded fun¬ 
damental, natural loads and frequencies. 

d. Vibration 

In order to supply additional data 
In the study of potential flutter and vibration 
problems, a test program was carried out to 
determine the vibration characteristics of the 
model used In the Influence coefficient testa 
just described. These data were also found 
to be of value In evaluating the response of the 
panel In the acoustic test program described 
below. 

The specimen was excited by an 
electromagnetic shaker which was operated to 
give a constant inertia loading to the specimen 
at all frequencies. Static-load calibrated strain 
gages, mounted on the panel, were used to 
measure stresses as a function of frequency. 
Direct measurement of panel amplitudes was 
accomplished by the use of s "Starrett” depth 
gage and a crystal phonograph pickup. The 
instrumentation disclosed a resonance at 525 
cps, with the greatest amplitude occurring In 
the center panel. 

e. Noise 

Exploratory noise tests, employing 
discrete frequency acoustic inputs, were con¬ 
ducted on outer wall panel assemblies to de¬ 
termine their response characteristics prior to 
future, fatlgue-iife testing of complete double¬ 
wall assemblies. 

The tests were conducted in the 
Bell Aircraft Resonant Sound Chamber. Outer 
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wall panels of the configuration* show la 
Figures 8b and 8c vers frame-mounted, and the 
frame shock-mounted to an end wall o 4 the 
chamber (Figure 21). The space b e t ween the 
wall and panel assembly was rented to minimise 
vacuum loads and was filled with fibrous In¬ 
sulation. The Instrumentation consisted of 
electric strain gages located on the panels, and 
microphones placed near the specimen to meas¬ 
ure sound pressure levels. 

The chamber was operated by vary¬ 
ing the distance b e twee n the driver (shown In 
Figure 21) and the specimen until resonance of 
the air column was established. Panel natural 
frequencies were determined by sweeping 
through the frequency spectrum at a constant 
sound pressure level until the response of the 
strain gages Indicated a resonance. Identifica¬ 
tion of the modes of vibration at predominant 
resonances was guided by Information obtained 
In the vibration tests previously described. 
The first panel natural frequency was observed 


at 860 cps for the corrugated panel, and 600 
cps for the honeycomb panel; however, maxi¬ 
mum stress levels in the panel were the same 
for both. 


5. OUTER WALL MATERIALS 

R was found in the previous study 
period (Reference 6), that Inconel X foil may 
be considered to be a suitable structural mater¬ 
ial for outer wall panels for use at 2000*F and 
exposure periods up to 24 hours if it could 
be protected from oxidative deterioration. 

Investigations during the current study 
period were focused on three simultaneous ap¬ 
proaches: oxidation-resistant alloys, oxidation 
protective coatings for alloys having suitable 
high-temperature strength characteristics but 
Inadequate oxidation resistance, and low-den¬ 
sity, high-temperature stable ceramic sand¬ 
wiches. Major emphasis was placed on the 
first two approaches. 



Figure 21. Outer Wall Panel Installed In Bell Aircraft 
Acoustic Sound Chamber 
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a. Metals 

Published data Indicated that bar 
and sheet stock of Inconel 702, HasteUoy R-235, 
and Haynes Alloy 25 hare oxidative resistance 
superior to Inconel X. Experimental studies 
were performed to determine the separate and 
combined effects of temperature and oxidation 
on some of the mechanical properties of 3-mll- 
thlck samples of these alloys. The samples 
were tested at the Bell Aircraft Research 
Dlrtslon Laboratories orer a temperature range 
of 1600* to 2000* F for exposure times of 1 
to 100 hours. 

The studies on Inconel 702 and 
HasteUoy R-235 expanded the knowledge of the 
beharlor of nickel alloy systems other than 


Inconel and Inconel X, while the studies on 
Haynes AUoy 25 enabled comparison of the 
merits of ooe of the best-known cobalt alloys 
with the nickel alloys. 

Inconel 702 showed Immunity to 
Intergranular oxidation up to 1800* F for periods 
of time up to 100 hours, and up to 2000*F for 
periods up to 24 ho**rs. Both HasteUoy R-235 
and Haynes Alloy 2d showed substantial inter- 
gramialar oxidation at temperatures over 1600* F 
for all test periods (1 to 100 hours). Typical 
data are presented In Figure 22. 

Because metallurgical changes take 
place within these alloys because of the effect 
of temperature and not oxidation, the strength 
of a given cross-sectional area is not neces- 


EXPOSURE TIME 
I HOUR 


EXPOSURE TIME 
24 HOURS 


EXPOSURE TIME 
IOO HOURS 



Figure 22. Percent Intergranular Oxidation vs Temperature 
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Figure 24. Room Temperature Tensile Strength vs Temperature for 
Various Exposure Times — Argon Atmosphere 
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sarlly towered by an amount proportional to 
the depth of Intergranular oxidation. On an 
sbsohtto atr ni n t h baala, Rayons Alloy 29 has 
substantially tbs sams room tnmpnrature tnnalln 
proportion after a one-hour expoouro to air at 
2000* F an it has at room tomporaturo without 
ouch oxpoouro. Thin la truo iron though local 
aroaa of Intergranular oxidation penetrated the 
cross-sectional area of the toot aamples by 
17.9 por cent The matenal does become 
more brittle, aa evidenced by a decrease in 
Its ductility, from approximately 19 per cent 
to 9 per cent. Considering only room temp¬ 
erature strength after exposure to elerr *ed 
temperatures, Haynes Alloy 29 appears to be 
superior to any alloy tested to date after ex¬ 
posure to 1800*F for 24 hours, and exposure 
to 2000*F for one hour. The room temperature 
strength at this alloy shows no appreciable 
deterioration In strength after exposure to an 


inert atmosphere for at least 100 hours at 
2000*F. Typical data for these observations 
are shown In Figures 23, 24, and 29. 

Short-time tensile tests at 1600*F 
after exposure to air at 1900’F for periods 
up to 100 hours show the three alloys tested 
to have strength at these temperatures in ex¬ 
cess of originally estimated design require¬ 
ment values. Short-time tensile strengths at 
higher temperatures, after exposure to air at 
such elevated temperatures for periods of time 
up to 100 hours, are In progress. 

It is believed that sufficient test In¬ 
formation has been gained during this studv 
period to again affirm the basic premise that 
metallic materials are available for the manu¬ 
facture of required outer wall panels. The 
variation of properties with both time and temp- 


EXPOSURE TIME EXPOSURE TIME EXPOSURE TIME 

I HOUR 24 HOURS IOO HOURS 



Figure 29- Room Temperature Elongation vs Temperature for Various 
Exposure Times — Air Atmosphere 
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erature and the knowledge that all panel* will 
not he subjected to the same time-temperature- 
load environment lead* to the comment that 
more than one metallic material may be need 
ultimately for the preparation of these panel* 
for the Bran* Bell vehicle. 

Exposure of test sample* at elevated 
temperatures in a protective atmosphere In* 
dlcates that the relative efficiency of the panels 
may be Increased by protecting the alloys from 
oxidation by the use of special coatings. 

b. Protective Coatings for Metals 

It was shown In exploratory testing 
in the previous study period that the Ferro 
Corporation coating XS-169G offered Inconel X 
limited protection against air oxidation at an 
arbitrary test temperature of 2000* F for one 
hour. 

Five ceramic and three metallic 
type?, of coatings were evaluated simultaneously 
during the current study period to determine 
their suitability as protective coatings for 5- 
mll -thick Inconel X foil. The metallic coatings 
appear to be superior to the ceramic ones. 
Evaluation was based on oxidation resistance, 
thermal shock resistance, adherence, and flexi¬ 
bility tests. The tests were simple and for 
screening purposes. 

Chromalloy Type SA, a metallic 
diffusion-type coating, was found to be the 
moot promising coating. It offered excellent 
oxidation resistance to Inconel X at temp¬ 
eratures up to 2200* F for 100 hours as pidged 
by examination of photomicrographs and flexi¬ 
bility tests. A comparison of Figures 26, 27, 
and 28 illustrates its effectiveness. Enlarge¬ 
ments of photomicrographs of etched specimens 
indicate that the coating composition and Inter- 
facial constituents were altered by exposure at 
temperatures of 1500 to 2000* F. The nature 
of these changes and their effects on the mech¬ 
anical strength of coating Inconel X will be in¬ 
vestigated. 

There appears to be no inherent 
limitation to the size or shape of structural 
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elements that can be coated by the Chromalloy 
Type SA process. A preliminary test conducted 
In the laboratory affirmed that it is possible 
to spotweld through the coated metal. Effects 
of welding and brazing on the oxidation re¬ 
sistance of the base metal remains to be 
Investigated. 

It Is believed the metallic-type coat¬ 
ings tested will be suitable for protecting other 
super-alloys against catastrophic oxidative de¬ 
terioration. 

c. Ceramics 

A study was initiated to select 
ceramics for fabrication of low-density sand¬ 
wich constructions. These structures might 
be used in place of sections of metallic outer 
walls in regions where temperatures of approxi¬ 
mately 1800 to 2500*F may be encountered. 
Major emphasis was given to determining the 
availability of porous core materials for use 
between solid sldns. 

Pittsburgh-Coming Corporation's 
research variety of 19-pounds-per-cublc-foot 
density Foamsll shows promise for use a* a 
core material for limited temperature and 
strength application*. The material has a 
fine-pore structure and noninterconnecting 
cells. Its room temperature compressive 
and modulus of rupture strengths are 620 and 
328 pel, respectively. The modulus of rupture 
at 1500*F Is 270 pel. Measurements are being 
performed at higher temperatures. Where 
higher strength at elevated temperatures Is 
required for core materials, and where heavier 
materials will not cause a severe design penalty, 
porous alumina Is being considered. The 
modulus of rupture of an 88-pound-per-cubic- 
foot density, 50 per cent porous alumina Is 
2040 pel. Its s trengt h was 2440 pel when 
coated with 30-mil-thick skins of 10 per cent 
porous aluminum oxide. 

6. MATERIALS FOR THERMAL INSULA¬ 
TION 

The work in the previous study oerlod 
Included a general review of lnnulants, pre- 
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Figure 27. Photomicrographs Showing Oxidation Resistance o< Chromalloy 
Type SA Costing on Inconel X at Test Temperatures of 1500 5 F and 2000° F 
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Figure 28. Photomicrographs Showing Oxidation Resistance of Chromalloy 
Type SA Coating on Inconel X at Test Temperatures of 2200° F 
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Umlnary testa to determine the effect of heat- 
soaking of fibrous lnsulants, and the effect of 
vibration at room temperature on the lnsulants 
before and after heat-soaking. 

During the current study period, the 
resistance of selected fibrous lnsulants to 
vibration at temperatures of 1800 to 2000* F 
for 48 hours was determined. The tests 
simulated anticipated service conditions by ex¬ 
posing one face of the vibrating tnsulant to a 
radiant heat source. No attempt was made to 
cool the outer face of the insulant, and 
equilibrium temperatures of 800 to 1000*F 
were noted. Nominal 3-pounds-per-cubic-foot 
density Kao wool, Micro-Quart* (formerly Q- 
Felt), Thermoflex RF-300, and Flberfrax XSW- 
1 were tested. Thermoflex RF-300 appeared to 
be the most promising Insulant, since It showed 
minor shrinkage and no observed deterioration. 

A proposal solicited from the Babcock 
and Wilcox Company for the development of an 
improved Insulant having greater resiliency and 
strei^th for ’tie-down'’ purposes was reviewed 
and considered unacceptable for the following 
reasons: 

a. The proposed research program was 
based almost entirely upon the assumption that 
a metallic coating of the fibers of the insulant 
wo*/.d yield a more resilient blanket. However, 
the special metal coating which would be oper¬ 
able under the vibration and temperature ’tar¬ 
get" requirements was not known and had to be 
selected. 

b. The proposal did not suggest alter¬ 
nate avenues of research and development which 
might reasonably lead to products fulfilling 
target requirements. 

In discussions with a number of 
manufacturers of Insulation materials, more¬ 
over, agreements were reached whereby (and 
not under subcontract) these manufacturers 
would submit new development in very high- 
temperature lnsulants for evaluation by Bell 
Aircraft. 


7. MATERIALS FOR COOLANT TUBE 
BONDING 

Materials for Joining the coolant tubes 
to the primary structure were investigated; 
namely, a highly heat-conductive, thermosetting, 
structural adhesive, and \ heat-conductive, 
nonsetting-type sealant. Major emphasis during 
this study period was given to the first approach. 


Smooth On Manufacturing Company's 
"Metalset A4”, a highly metal-filled room- 
temperature-setting epoxy resin, was the only 
adhesive studied that showed promise of meeting 
the heat transfer and strength requirements 
for this application. Standard tensile shear 
tests of al'imlnum-to-magneslum bonded aheets 
indicated the adhesive to have adequate strength 
at room temperature (approximately 2000 pel 
before post-curing, 2900 pel after post-curing). 
Its thermal conductivity is reported to be 24 
BTU per hour-square foot-*F per Inch. How¬ 
ever, this value has not been verified as yet, 
but will be measured in a recently acquired 
Fitch Conductivity Apparatus. The tensile 
shear strength of Metalset A4 will also be 
Investigated at temperatures up to 250* F. 


8. COOLING SYSTEM FOR PRIMARY 
STRUCTURE 

Tests of the cooling system for the 
primary structure were conducted on a com¬ 
plete element of double-wall construction. In 
this way, the cooling system was evaluated 
uncL r the steady-state heat transf er character¬ 
istics of the construction and under more 
closely simulated conditions than In previous 
tests. Tests were also conducted on a mag¬ 
nesium honeycomb sandwich element repre¬ 
senting the primary structure In order to 
determine the temperature gradients through 
the sandwich, and to evaluate adequacy and 
heat transfer characteristics of two methods 
of coolant-tube attachment to the primary struc¬ 
ture. 
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The former test* wore conducted by 
placing a 16 * 24-tuch section a# the double-wall 
construction described in Figures 8a and 8d, 
Incorporating a closed-cycle ethylene glycol- 
water cooling system, in front of the Harper 
Furnace (Figure 29). (See Reference 7 for a 
description of the Harper Fbmace.) Constant 
are rage temperatures from 1378 to 1700* F were 
maintained on the outer wall for extended 
periods of time, during which the temperature 
rise of the coolant mass was measured as it 
passed through the primal, structure. The 
orer-all heat conductance of the construction 
was thus determined for each outer wall temp¬ 
erature. Temperature gradients in the primary 
structure element were surveyed between cool¬ 
ant passages and at outer wall wippo. t points. 
Additional experimentation was made to deter¬ 
mine the reduction in heat transfer to the cool- 
li« system by increasing the thickness of in¬ 
sulation between the walls and by insulating 



Figure 29. Set-Up for Primary Cooling System 
Test of Double-Wall Construction Using the 
Harper Furnace as a Radiation Source 


the outer wall support structure from the 
primary structure. The results of these tests 
are presented In Figure 30. 

The cooling system tests Involving 
an element of the primary structure only were 
conducted in the Bell-constructed "Hot Box", 
In which calculated heat flux rates can be 
applied (Figure 31). In one experiment, 3/8- 
lnch diameter aluminum tubes, which had been 
partially flattened for greater contact area, 
were bonded to the magnesium sandwich with 
an aluminum-filled epoxy resin. Due to the 
high heat transfer resistance of the resin, 
thermal stresses were Introduced in excess 
of the shear strength and ductility of the 
bond, resulting in failure of the bond. In the 
other experiment, the coolant tubes were held 
in place by cllpa, and a colloidal copper com¬ 
pound applied at the facing surface. This 
method proved to be satisfactory. A small 
temperature gradient existed between the tubes 
and the adjacent magnesium sandwich face; 
moreover, negligible gradients existed between 
the two faces of the sandwich element. 

9. ETHYLENE JET 

In order to satisfy the desire to du¬ 
plicate, in a single test of double-wall construc¬ 
tion, the correct aerodynamic and thermal en¬ 
vironment as well as load conditions, an ele¬ 
ment of tht construction was tested late in this 
period In the Ethylene Jet at the NACA Wallops 
Island facility. The type of flow and the noise 
level within the flow emanating from this Jet 
are more severe than the aerodynamic and 
thermal environment to which the vehicle would 
be subjected. However, for reasons rationed 
later, the outer wall panels tested were reduced 
to a four-inch width. However, a test in this 
tunnel would serve to indicate, depending upon 
when failure of the specimen occurred, the 
resistance of double-wall construction to super¬ 
sonic flow under the combined conditions of a 
high noise level environment, thermal shock, 
and high equilibrium temperature conditions. 
Certainly, if failure did not occur below an 
outer wall temperature of approximately 1600“K, 
the temperature above which the cui f?nt teat 
panels would have little strength, the test 
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AVERAGE OUTER WALL TEMPERATURE-*F 


Figure 30. Heat Flux Removed by Cooling System vs Average Oiter Wall Equilibrium 
Temperature 


Figure 31. Set-Up for 
Primary Cooling System 
Test of Element of 
Primary Structure 
Using "Hot Box" 

Heat Source 
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would be moet significant. The ethylene Jet 
would also permit determining whether the 
panel expansion Joints and gaps between the 
retainer plates would produce local "hot-spots". 
Since the composition of the Jet is oxidizing, 
such "hot-spots" would be revealed positively 
by examining the specimen after test. 

Stagnation temperature surveys of the 
12-inch exit throat of the ethylene Jet showed 
a marked temperature gradient from the center 
of the Jet to the aides of 500 to 800*F, de¬ 
pending upon the stagnation temperature. For 
this reason, the specimen was constructed of 
two bays of three 4 x 4-inch panels of the con¬ 
figuration shown In Figures 8c and 8e. The 
retainer strips and the outer-wall support 
structure were located at die centerline of the 
specimen as shown in Figure 32. Fibrous in¬ 
sulation was also Installed. In order to di¬ 
minish the extreme thermal shock which the Jet 
could Impose upon a cold specimen, the speci¬ 
men was preheated before Insertion into the 
Jet stream. Instrumentation consisted of 24 


thermocouples located throughout the outer 
wall panels and on the center retainer strips, 
particularly to measure temperature gradients 
in the retainer strips and in the areas of the 
expansion Joints. 

The test conditions to which the speci¬ 
men was subjected are shown in Table V. 
In all tests, the tunnel operated at Mach 2.0, 
and the pressure in the Jet stream was atmos¬ 
pheric. The equilibrium temperature was 
measured in the center of each of the first 
outer wall panels, and thereby represents an 
average "spanwise" panel temperature; the 
equilibrium temperature of the center retaining 
strips should have been about 50*F higher 
at a stagnation temperature of 1400* F, and 
100*F higher at 2150*F. 

The specimen survived three runs. 
In the third run, the tunnel stagnation temp¬ 
erature and outer wall equilibrium temperatures 
were 2100*F and 1525*F, respectively. The 
length of tunnel running time per test was 10 



Figure 32. Specimen Used in NACA Kthylene Jet Test (One Length of Outer Wall Panel 
Removed) 
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TAB LB V. ETHYLENE-JET TEST CONDITIONS 


1 . 

Test Run No. 

1 

2 

3 

4 

2. 

Tunnel Stagnation Temperature (* F) 

1650 

2000 

2100 

2450 

3. 

Panel Temp, in First Panels (Reference Temperature) 





Preheat (*F) 

1003 

1420 

1085 

1578 


Equilibrium (*F) 

1278 

1528 

1525 

1965 

4. 

Panel Heating Rates (After Insertion of Specimen in Trnnel) 




Initial 

37.5 

40.5 

225 

236 


Average 

18.5 

10.7 

43.5 

107 

5. 

Max. Skin Temperature (°F) 

(Other than Reference Temperature) 

1225 

1580 

1530 

1778 

6 . 

Max. Retainer Temperature (°F) 

1205 

1533 

1450 

1783 

7. 

Max. Expansion Joint Temperature 
(°F) 

1034 

1584 

1530 

1928 

8. 

Time In Jet (seconds) 

10 

10.1 

10.1 

3.6 


seconds. From s brief and expedited surrey of 
temperatures In the areas of the retainer strips 
and expansion Joints, it was found that the 
leading edges of the retainer strips showed 
about HOT rise over the temperature in the 
remaining length, and that the area of the ex¬ 
pansion Jsa.its was the same or less than in the 
central panel. The specimen was examined 
following each test for local oxidation, and no 
indications of such were found. The specimen 
heating rate in Test Run No. 3 was much 
greater than the calculated Brass Bell rates. 
The specimen failed during die fourth run when 
the typical equilibrium temperature of the panel 
was 1750T (one of the first panels reached 
1965T), a temperature at which this config¬ 
uration of outer wall construction has negligible 
strength. When the high-speed photographs 
taken of the specimen during the test are 
developed and made available, the manner In 
which the panel failed will be determined and 
analyzed. 


D. TEST RESULTS - "MOT -SPOT" A R E AS 
As discussed in 8ection B, the approach to 
structural design for hot-spot areas, such as the 
wing leading edge, has Included investigations of 
cooling with liquid metals, and ’temperature- 
resistant" designs. Supporting tests were per¬ 
formed on a sodium evaporative-cooling loop and 
on the strength and oxidation resistance of 
certain refractory materials. 

The purpose and objectives of the tests, 
and design Implications of the results,are con¬ 
tained in Section B. The present section con¬ 
tains brief descriptions of the test set-ups, 
equipment, Instrumentation together with the 
procedures employed, and pertinent results. 

1. LIQUID METAL COOLING SYSTEM 

During the present period, tests were 
conducted under subcontract by the MSA Re- 
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March Corporation, on a sodium evaporative- 
cooling loop conatructad during tba previous 
study period, and described In Reference 7. 
This loop used an existing furnace through 
which sodium was circulated by an electro¬ 
magnetic pump, at a pressure between 4 and 
20 pel, depending on the test. The sodium 
left the furnace at approximately 1400° F, pass¬ 
ing through a flow-restricting orifice Into a 
low-pressure ermporater. Under the low pres¬ 
sure, some of the sodium evaporated and the 
vapor was passed through a wire mesh sepa¬ 
rator to remove unevaporated liquid, and then 
through an exhaust nozzle. The vapor was 
collected and condensed, while the unevaporated 
sodium was recirculated. 

The system was operated for a total 
of 650 hours, with 180 hours of operation at 


maximum temperatures between 1100*F and 
1400* F. Operating characteristics were ob¬ 
served, and pressure and flow data applicable 
to the design of the expansion orifice and the 
exhaust system were obtained. 

Performance of the wire mesh sepa¬ 
rator was shown to be particularly satisfactory. 
Measured values of sodium condensate agreed 
with values calculated from temperature rise 
and flow rate through the furnace, within ex¬ 
perimental error. Inspection of the interior of 
the loop, following the completion of testing, 
showed only traces of corrosion and erosion, 
with no evidence of blocking due to mass 
transfer. 

The loop was subsequently modified 
for operation at a higher temperature (1600*F), 


INSULATION NOT SHOWN 
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by replacing the furnace coll with a coil fab¬ 
ricated from Haatalloy X. The loop waa also 
changed from an open to a closed cycle by re¬ 
moval of the flow-restricting orifice and by 
introducing a tubular heat exchange into the 
evaporator. An explanation of open and closed 
systems is given in Reference 7. This heat 
exchanger formed part of the closed circuit 
through the pump and furnace and was filled 
with NaK as the heat transfer fluid. Sodium 
was again used as the evaporating material, 
and initial runs were made without a wire 
mesh separator, as part of a program to And 
the minimum mesh requirements. A diagram 
of the modified system is shown in Figure 33. 

Procurement delays and operational 
difficulties have prevented obtaining quantitive 
data to date. Limited operation has indicated 
excessive carry-over, which may have been 
due to the absence of a liquid-vapor separator 
or to violent boiling which gave rise to loud 
noises similar to "water hammer". Failure of 
a tube in the sodium system, while the sodium 
was at approximately 1200*F resulted in a 
typical nonflaming sodium fire. The loop was 
not damaged by the fire, but the cause of the 
tube failure has not been determined to date. 
While the tube failure is being repaired, the 
he«t exchanger coil will be modified in an 
attempt to reduce the violence of boiling, and 
a wire mesh liquid-vapor separator will be 
add:-d. This phase of the MSAR program will 
be continued. 

In addition to the testing described 
above, five tests were conducted by MSAR to 
determine whether air would enter a con¬ 
tainer from which sodium vapor was being 
exhausted, and, if so, what effects would result. 
The test was representative of the system In 
that nitrogen gas was used over Ihe sodium 
and the shut-down condition was reproduced. 
It can be expected that maximum opportunity 
for air entry exists when vapor production 
stops. 

Tests were conducted at atmospheric 
pressure and at the sodium boiling temperature 
of 1620* F, using the set-up shown schematically 
in Figure 34. The sodium was heated under 
the protection of nitrogen gas which exhausted 



Figure 34. Schematic of Air Entry Test Apparatus 


through the sodium vapor vent line. At about 
000* F traces of white smoke (NajO) were ob¬ 
served exhausting from the vent, and, when 
boiling was reached, the production of smoke 
became greater. At violent boiling conditions, 
with high vapor velocities in the vent line, 
liquid sodium was carried over and visible 
yellow flames were observed In addition to the 
white smoke. This occurred both with and 
without a wire mesh separator. Since the wall 
of the vent line was below 1000* F, a por¬ 
tion of the carry-over Is believed to be sodium 
vapor which condensed on the wall. In all 
cases Na 2 0 was found within the vent line and 
reservoir at the completion of a run; in one 
case, the vent line was found to be plugged. 
Oxidation of the sodium was not ee’f-sustainlng 
and stopped almost instantly ar the system 
began to cool. 
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2. REFRACTORY MATERIALS FOR 

• HOT-SPOT’' AREAS 

Tests were continued on a number of 
■elected high-temp* - *iure material! which may 
be useful as refractories for hot-spot areas 
(temperatures in excess of 2500* F). As noted 
in a previous report (Reference 4), most of the 
high-melting-point materials have mechanical, 
thermal, or chemical properties which make 
them unsuitable for some of these applications. 
Although no material is presently available 
which will meet the target requirements for 
all hot-spot areas, test data establishing useful 
life temperatures for available materials are 
Imperative. The following refractory materials 
were, therefore, screened for rate of oxidation 
at 2800* F under a controlled oxygen flow of 
one liter per minute: zirconium carbide (ZrC), 
with a melting point of about 5700*F; tantalum 
carbide (TaC), with a melting point of about 
6000° F; a refractory body consisting of 90 per 
cent silicon carbide and 10 per cent boron 
carbide (SflC-B^C); a refractory body consisting 
of 80 per cent tantalum carbide and 20 per cent 
zirconium carbide (ZrC-TaC), with a melting 
point of about 7000*F; recrystallized silicon 
carbide (SIC); and AGR grade graphite coated 
with silicon carbide. The S1C-B 4 C body ex¬ 
hibited the beat oxidation resistance based on 
weight change and weight of COj collected per 
unit of surface area after 3 hours exposure 
at a test temperature of about 2800° F (0.0018 
gram COj per square centimeter surface). 
More detailed data for the materials tested 
are given in Table VI. Weight of CC >2 col¬ 
lected per square centimeter of surface area 
for the S 1 C-B 4 C body and recrystallized SIC 
is plotted in Figure 35 as a function o! ex¬ 
posure time. The silicon carbide-coated graph¬ 
ite deteriorated by oxidation of the graphite 
through a limited number of pinholes in the 
5-mil-thick coating. The other materials tested 
oxidized at a rate causing catastrophic deterior¬ 
ation. 


The following materials were tested 
qualitatively for oxidation resistance in an 
oxyacetylene furnace at temperatures to 3700*F: 
a refractory body consisting of 75 per cent 
magnesia and 25 per cent zlrconia (MgO-ZrOj); 


a zirconium carbide body (ZrC); and KT silicon 
carbide. Little or no change was noted in 
the KT body after 10 minutes exposure at 3700* F; 
however, the body deteriorated quite extensively 
after 85 minutes exposure. Based on this limited 
test, the MgO-ZrOg body does not show much 
promise for application in hot-spot areas. The 
ZrC formed a nonadhering scale on its surface 
after exposure to elevated temperatures (3275 
to 3450* F). 

The quantitative oxidation resistance 
of SiC-B 4 C systems will be evaluated at tem¬ 
peratures approaching 4000*F with equipment 
being assembled. 

Modulus of rupture tests were con¬ 
ducted at room temperature and at temperatures 
up to 2700*F at Bell and, under subcontract, 
at Alfred University on Carborundum's KT 
(aluminum-modified) No. 3 research silicon car¬ 
bide body and on a number of zlrconia bodies. 
The modified KT body had an average modulus 
of rupture strength of about 12,000 psl at 
2700* F after a one-hour soak at that tempera¬ 
ture. KT (aluminum-modified) No. 3 silicon 
carbide was fabricated in an attempt to obtain 
commercially producible silicon carbide pos¬ 
sessing a modulus of rupture approaching that 
of the best hot pressed variety prepared on a 
laboratory scale by Alfred University (70,000 
psl at 2500°F). The Norton Company has 
advised at the writing of this report they can 
make pieces up to 9 Inches diameter, 6 inches 
long of hot pressed aluminum-modified silicon 
carbide in accord with processing developed 
at Alfred University. This will be investigated 
in the immediate future. At a test temperature 
of 1500*F and after a 3-minute soak at that 
temperature, the best of the z’-conla bodies 
tented had an average modulus of rupture 
strength of 3300 psi. Table VII gives the 
results of modulus of rupture tests on the KT 
(aluminum-modified) silicon carbide body at 
room temperature, 1500*F, 2000*F, 2400*F, 
2600*F, and 2700*F after a 3-minute soak at 
temperature and a one-hour soak at temperature. 

E. TEST EQUIPMENT INVESTIGATIONS 

The problem of structural testing of 
high-speed airplanes, where large and variable 
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Figure 35. Weight of C0 2 Collected Per Unit Area vs Time 


quantities of heat must be applied in addition 
to loads, is generally recognized. The problem 
could be acute with the present vehicle, but 
the use of double-wall construction eliminates 
the need for exposing the entire vehicle to 
heat and load simultaneously. Tests in which 
full-intensity heating must be applied will be 
confined to small areas of panels, and hot¬ 
spot areas such as the wing leading edge. The 
severe heating conditions at the leading edge 
still Introduce testing problems, particularly 
if full-scale prototype testing is considered. 
Outer wall panel testing is difficult where 
combined heating, loading, and flow effects are 
required. In anticipation of such test facility 
requirements, studies were conducted on heat 


sources for leading edge testing and on the use 
of a rocket motor for panel and materials 
tests. 

t. HEAT SOURCES FOR •’HOT-SPOT*' 

AREAS 

Possible schemes for obtaining high 
intensity heating over a large area for long 
periods of time are: 

a. Hlgh-t emperature radiating ele¬ 
ments. 

b. High-temperature gas streams. 
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TABLE VTL MODULUS OF RUPTURE TESTS PERFORMED AT ALFRED UNIVERSITY ON 
CARBORUNDUM "KT* (ALUMINUM- MODIFIED SILICON CARBIDE NO. 3 


Number of 
Specimens 

Time 

(minutes) 

Temperature 

(°F) 

Modulus of Rupture 
(P»0 

Remarks 

6 

- 

80 

17,700 to 32,100 

One specimen had off-center 
break 

2 

3 

1500 

14,400 to 17,000 


4 

60 

1500 

8500 to 17,900 

One specimen had flaw in X- 
section. Another specimen 
had an off-center break. 

2 

3 

2000 

9500 to 15,100 


4 

60 

2000 

8300 to 22,000 

One specimen had a flaw 
in X-section 

2 

3 

2400 

6300 to 9200 


4 

60 

2400 

9200 to 13,200 


2 

3 

2600 

■ 7600 to 10,700 


4 

60 

2000 

3500 to 10,800 

The specimen whose modulus 
was 3500 psi had large flaw 
in X-section 

2 

3 

2700 

8700 to 10,400 



60 

2700 

9300 to 17,200 

ttie specimen had off-cen¬ 
ter break. 


c. Condensation of liquid metal vapors. 

d. Direct electrical resistance. 

e. Electromagnetic induction. 

One type of radiant heat source was 
investigated previously in Reference 4, and it 
was found that material limitations on element 
temperatures introduced very bulky Insulation, 
to achieve the required heat input to a liquid- 
metal-cooled leading edge. Transformer re¬ 
quirements made the cost of this system very 
large. 

Gas heating has been reviewed briefly 
during the present period by a contact with the 
Silas Corporation of America. This company 


expressed the belief that the heat inputs could 
be achieved using turbulent jet burners with 
gaseous fuels. Claims were made that gas 
heating offers lower initial, operating, and 
maintenance costs than electrical bating. 

No studies were made of metal con¬ 
densation or resistance-heating schemes, but a 
study of induction heating for a liquid-metal- 
cooled leading edge was conducted on a con¬ 
sulting basis Lj Roger W. Sampson of Florida 
University. This study (Reference 10) con¬ 
sidered symmetrically and unsymmetrlcally 
heated tubes of various materials, with sim¬ 
ulation of flux Intensity and distribution. Work 
coil and loop designs, control, ins?'u mentation, 
power, and coolant requirements were con¬ 
sidered. It was concluded that iwiuction heating 
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could be u»«d satisfactorily, and lor a leading 
edge specimen six feet long, the Air Force- 
owned equipment at the University of Florida 
would be suitable. No consideration has been 
given to the use of induction heating for testing 
a temperature-resistant leading edge. 

Choice of a heating system is pre¬ 
mature until all systems have been examined. 
The availability of induction heating equipment 
for preliminary testing is attractive, but the 
cost of the prototype test unit must eventually 
be the deciding factor. 

2. ROCKET MOTOR AS A HEAT SOURCE 

Interest In a rocket motor as a heat 
source was generated by the availability, at 
Bell Aircraft, of a surplus motor, and a test 
stand. This unit will provide a test section 15 
Inches in diameter with a flow velocity of 
5000 to 6000 feet per second and a maximum 
stagnation temperature of 4000* F. 

A facility of this type would be used 
for the reproduction of high-temperature and 
supersonic flow conditions simultaneously. 
Tests in which such conditions are required are: 

a. Flutter tests, at elevated tempera¬ 
ture, of outer wall panels. 

b. Tests of outer wall panels for local 
hot-spota. 

c. Erosion tests. 

d. Oxidation tests under high-velocity, 
rather than static, conditions. 

e. Tests of transpiration cooling. 


So far as Is known, the only existing 
facilities capable of producing temperature and 
velocity conditions comparable with those men¬ 
tioned above, and also accepting large speci¬ 
mens, are at Redstone Arsenal and the Pilot¬ 
less Aircraft Research Division of the NACA. 

The investigation demonstrated that, 
by a simple modification, the motor could be 
operated on a mixture of hydrogen peroxide and 
JP-4. This arrangement permits wide vari¬ 
ation of flow conditions during a run so that a 
range of heating rates typical of Brass Bell 
boost flight could be reproduced. It was also 
evident from the investigation that high noise 
levels might exist in the Jet, to the extent that 
tests of sheet metal structural components would 
become fatigue and vibration tests. In par¬ 
ticular , panel flutter tests would be very 
doubtful value. 

Contact was made with Redstone 
Arsenal where a similar facility is used, 
principally for materials and nose cone testing. 
The Redstone motor gives much higher pres¬ 
sures in the test section, so that it would be 
less suitable for reproducing the conditions of 
hypersonic glide flight. Redstone personnel 
emphasized the high cost of this type of oper¬ 
ation and suggested, for economy, a small 
motor for materials tests to operate from the 
same fuel supply and control equipment. 

Some estimates have been made of 
the cost of setting up and operating a facility 
such as described above. These costs are 
large, so that an investigation is required of 
other methods for conducting the tests men¬ 
tioned earlier, before conclusions can be drawn. 
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The course followed In the aerodynamic 
research program during this period concen¬ 
trated on conducting experimental and analytical 
investigations of hypersonic flow. The intent 
was to determine the nature and extent of 
hypersonic low-density phenomena as they af¬ 
fect the aerodynamics of a boost-glide re¬ 
connaissance vehicle, and also to examine the 
real gas nature of air at the extreme temper¬ 
atures expected during flight. 

The results of this work are separated 
into experimental and analytical studies. Al¬ 
though the basic experimental programs are 
closely related to theoretical Investigations, 
they are presented separately for clarity. In 
addition to the experimental programs, an¬ 
alytical studies of the effects of a hypersonic 
flight environment on the photographic and 
radar reconnaissance systems were made; these 
results are also discussed separately. The 
possibility of aircraft surface deterioration 
arising from several probable causes was also 
investigated and is presented herein. The in¬ 
formation in this section is reported in detail 
in Reference 11. 

A. EXPERIMENTAL PROGRAMS 

Thfc experimental investigations under¬ 
taken in this contract period are elements of 
a continuing large program designed to in¬ 
crease the basic knowledge of aerodynamic 
phenomena pertinent to the design of hyper¬ 
sonic glide vehicles. The initiation of in¬ 
dividual test programs is governed considerably 
by the availability of suitable facilities. There¬ 
fore. in some cases a program cannot be com¬ 
pleted in the same contract period in which it 
was started. 

The experimental programs discussed 
herein are separated into those which have been 
completed to the point that test data are avail¬ 
able, and those which have been contracted for, 
but not finished as of this writing. Investiga¬ 
tions which have been initiated in the preceding 
contract period and completed in the current 
period are Included in the first category. 


1. COMPLETED PROGRAMS 
a. Delta Wing Studies 

The results of the delta wing ex¬ 
ploratory studies completed in the past period 
were extended with further pressure distri¬ 
bution measurements In the Princeton University 
Hypersonic Helium Tunnel on 60° and 30° apex 
angle delta wings. These tests were conducted 
through a range of angles of attack at Mach 
» 13. 


The test data are presented In 
References 12 and 13. Briefly, these results 
show good agreement with theory at zero angle 
of attack, but show increasing error as the 
angle of attack increases. An example of the 
pressures obtained over the 30° apex wing 
is shown in Figure 36. The predicted values 
based on vtscous-lnviscid interaction theory 
are shown also for comparison. As noted, 
the theory agrees reasonably well with the 
measured values at aero angle of attack, but 
larger deviations are found at higher angles of 
attack. This discrepancy indicates that other 
phenomena, not adequately described by two- 
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Figure 38 Pressure Distribution on D»lta Wing 
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dimensional viscous-inviscid Interaction theory, 
may be dominating the flow. Additional experi¬ 
ments are required to obtain a fuller under¬ 
standing of this effect. 

b. Wing-body Studies 

An exploratory study of basic wings 
mounted on conical bodies was completed in the 
Princeton University Hypersonic Helium Tunnel 
at Mach « 13. Pressure distributions and flow 
indications were obtained over straight and 
swept wings, and sharp and blunt-nosed cones 
in and out of the presence of each other at zero 
angle of attack. The purpose of these tests was 
to obtain some knowledge of the interactions 
between simple basic shape j at hypersonic 
speeds. 

The results of these tests, which are 
reported on in Reference 14 show large inter¬ 
ference effects between wings and bodies. In 


general, the presence of the wings Increased the 
pressure around the body, with the largest 
changes occurring near the wing. The body pres¬ 
sure changes due to the unswept wing were larger 
than for the swept wing. 

The data also show that both bodies 
induced positive pressures on the wings, with the 
largest increments occurring near the wing-body 
junction. The unswept wing was affected more 
than the swept, and the sharp-nosed body pro¬ 
duced the largest Interference. 

An example of the unusual flow is 
shown in Figure 37, which is a photograph of 
the model during test with oil traces Indicating 
the generx:l direction of flow. This phenomenon 
is not explained at present in view of the many 
mechanisms involved. However, the experiment 
indicates that unusually large effects can be ex¬ 
pected, and that further studies of this type are 
in order. 



Figure 37. Wing-Body Flow Study at Princeton University 
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c. Low-Density Tests 

Pressure distribution measure¬ 
ments were made in the University of California 
low-density wind tunnel on blunt-nosed flat plates 
and cones at Mach ~ 6 and very low Reynolds 
numbers. The general objective of these tests 
was to learn more about the relative Importance 
of invlscid interaction, viscous interaction, and 
possible noncontinuum effects, such as slip, 
on pressure distribution. 

The test data results are published 
in References 15 and 16. Some of the lower 
Reynolds number data are shown in Figure 38 
where reasonably good correlation with Lees’ 
strong interaction theory is noted. Correlation 
of the higher Reynolds number data is found with 
an empirical relation. In the region of the nose 
of the sharp wedges, the measured pressures are 
lower than would be predicted by no slip con¬ 
ditions, indicating that slip effects may be oc¬ 
curring. 


The results of the blunt cone tests 
generally are In good agreement with the 
modified newtonian theory in the nose region 
(Figure 39), and with the Kopal values on the 
conical portions. No significant viscous inter¬ 
action or noncontinuum effects on pressures 
for these conditions was noted. 

d. Swept Wing Studies 

Pressure distribution measure¬ 
ments over hemispherical nose, flat plate wings 
with 45° and 60° sweep back were made in the 
Princeton University Hypersonic Helium Tunnel 
at Mach * 13. The 60° wing was also tested at 
Mach w 19. In addition to the pressure meas¬ 
urements, Indications of flow separation were 
obtained by means of oil traces. These tests 
were conducted in order to determine the 
nature of flow for evaluation of the effect of 
sweepback in reducing drag and aerodynamic 
heating. 
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Test results are presented In Ref¬ 
erence 17 for the 45° wing, and the remaining 
results are in the process of being published. 
The pressures for both wings at Mach *13 
correlate very well with blast wave theory 
(Figures 40 and 41). However, the Mach 
* 19 data (preliminary) do not agree by a con¬ 
siderable margin (Figure 41). This unusual 
result is being investigated further. 

c-. Real Air Flow Phenomena 

A program to Investigate hypersonic 
low-density flow phenomena on basic two-di¬ 
mensional shapes was conducted in the AEDC 
Hot-Shot I test facility. These tests were made 
to obtain pressure arid heat transfer data under 
conditions which correctly simulate the high¬ 
speed, high-altitude portion of the Brass Bell 
flight regime. Simple wedge and round-nosed 
models were tested at aero sweep. The wedge 
model was also tested at 45° sweep. In addition, 


an extensible nose bar was tested in conjunction 
with the round-nosed model. 

The test data hare been published 
in Reference 18, and are currently being an¬ 
alyzed. The pressures measured over the 
wedge-plate model at Mach * 15 are shown 
in Figure 42 together with the theoretical 
values assuming equilibrium composition and 
frozen flow. Figure 43 Illustrates a com¬ 
parison of theory with the measured heat 
transfer rates. 

Instrumentation difficulties associ¬ 
ated with the models and sensors precludes 
positive conclusions to be drawn from these 
data. Additional testing in this facility is 
desired, and it is believed that with the use of 
plastic models, certain probable Instrumentation 
errors may be reduced. This possibility is 
currently being investigated. 



Figure 40. Pressure Distribution on 45° Sweptback Wing at Angle o'. Attack 
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Figure 41. Pressure Distribution on Sweptback Wings In Hypersonic Flow 


2. INCOMPLETE PROGRAMS 
a. Cold Air Tests 

A study of the flow over a 60° 
apex angle delta wing and a hemispherical 
nose flat plate at angle of attack is being 
conducted in the Ohio State University hyper¬ 
sonic wind tunnel at Mach a 13. This program 
involves pressure distribution tests similar to 
some of those already completed in the Prince¬ 
ton University helium tunnel. The purpose is 
to obtain wind tunnel data using air as the 
medium to compare with the results obtained 
in helium. It is expected that this program 
will be completed by December 1957. 


e* 


b. Free Flight Tests 

NACA/PARD is planning a series 
of tests designed to extend their high Mach 
number heat transfer test programs to higher 
altitudes and lower Reynolds numbers. In 
addition, attempts will be made to simulate the 
relatively steady flight conditions of hypersonic 
glide vehicles with flat-topped trajectories. 

The first of three models will pro¬ 
vide pressure and temperature data on a hem¬ 
isphere-tipped cone of 15 half angle. The other 
two tests will be directed towards tie study 
of heating associated with wing-boo'y combi¬ 
nations. Bell Aircraft’s participation in this 
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tinuation of this study (Reference 19). There¬ 
fore, another test program was evolved for the 
same facility to obtain a further knowledge of 
shock wave-boundary layer interaction in the 
region of a deflected flap by means of pres¬ 
sure measurements and flow observations. 

This program is currently in pro¬ 
gress, and is expected to be completed by 
December 1957. 

e. Flow in a Comer 

The previous test results of wing- 
body combinations discussed in Paragraph VI- 
A-l-b indicated that the flow phenomena are 
quite complex. Therefore, in order to obtain 
a better understanding of this effect, a simple 
set of experiments was conceived which es¬ 
sentially idealizes the wing-body Juncture prob¬ 
lem. That Is, the flowinastreamwtse juncture, 
formed by two flat plates normal to each other, 
will be studied with the aid of measured pres¬ 
sures and oil traces. The tests will be con¬ 
ducted at Mach s 13 and zero angle of attack 
in the Princeton University Hvpcrsonic Helium 
Tunnel in the near future. The test results 
are exacted to be available before December 
1957 

f. Blunted Delta Wing Tests 

The exploratory wind tunnel tests of 
delta wings discussed in Paragraph VI-A-l-a 
were primarily on relatively sharp leading 
edges which produced flows largely dominated 
by the viscous-inviscid interaction effect. Tn 
order to increase the knowledge of delta wings 
in hypersonic flow, additional testing of such 
wings with blunt leading edges was initiated. 
The purpose is to produce flows which are 
dominated by strong shock systems, i.e., the 
blunt nose effect. 

A 60' apex delta wing will be tested 
at angle of attack in the helium wind tunnel at 
Princeton University at Mach » 13. Pressure 
distributions will be measured and oil traces 
observed. These tests are expected to be com¬ 
pleted by December 1957. 


g. Nonequilibrium Effects 

Many of the aerodynamic phenomena 
associated with high-speed, low-density con¬ 
ditions are susceptible to nonequilibrium effects 
of a real gas. In particular, heat transfer 
phenomena and visible radiation may be dom¬ 
inated by the reaction processes of air at high 
temperatures. In order to obtain an under¬ 
standing of the basic mechanisms involved, - 
program was initiated with the Cornell Aero¬ 
nautical Laboratory to study the approach to 
thermodynamic equilibrium in pure nitrogen, 
oxygen, and air. Optical measurements of 
density gradients obtained in shock tubes are 
characteristic of the type of experiments con¬ 
templated. The detailed experiments will be 
guided by concurrent theoretical analyses. 

This program is expected to be 
completed to the limit of the available funds by 
November 1957; an estimated additional six 
months of effort would complete the program 
in full. 

h. Real Air Tests 

To further Increase the knowledge 
of hypersonic real air flow as related to aero¬ 
dynamic heating, boundary layer, and separation 
phenomena, a combined theoretical and ex¬ 
perimental program was Initiated with the 
Cornell Aeronautical Laboratory. This program 
involves testing basic aeiodynamic shapes in 
hypersonic shock tunnels. It is expected that 
these results will allow a correlation of high- 
temperature data with those obtained in other 
facilities. 

This program is partially funded 
to November 1957. An additional six months 
of effort is estimated to be required for com¬ 
pletion. 


6. AERODYNAMIC HEATING 

One primary objective of the theoretical 
and experimental program in hypersonic gas- 
dynamics which has been maintained as part 
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of the Brass Bell study program Is to obtain 
accurate methods for predicting the aero¬ 
dynamic heating at any part of a hypersonic 
aircraft. 

An essential prerequisite for this work 
is a thorough knowledge and understanding of 
hypersonic flow phenomena and the physical 
behavior of air at high temperatures where it 
dissociates, ionizes, and, in general, behaves 
as a reacting mixture of molecular, atomic, 
and ionic species (quite different from its be¬ 
havior at temperatures associated with the 
lower supersonic speeds). This realization pro¬ 
vides background for the recognition and de¬ 
lineation of problems, as well as a basis for 
the evaluation of the simplifying approximations 
inherent in any tractable flow theory, which, in 
turn, is the basis for any practical analytical 
method. 

Progress in this area is currently in¬ 
hibited by. among other things, the paucity of 
experimental information on basic physical data 
for the behavior of air at high temperatures, and 
also on hypersonic flows over configurations with 
full simulation of all significant parameters 
This information is needed to provide a basis 
for the theoretical flow models as well as a 
check on the accuracy of prediction of the 
methods developed. In the past few years, 
however, considerable progress has been made 
by research workers, both in the theoretical 
work underlying the prediction of aerodynamic 
heating and in the technique of experimentation 
in hypersonic high-temperature flow. 

Accurate methods now exist for deter¬ 
mining the heat transfer to two-dimensional and 
axially symmetric bodies, and to swept wings; 
in particular, the critical heating areas. Spot 
checks have ceen made for comparison with the 
predictions of aerodynamic heating in the 
Brass Bell design studies. These checks showed 
that the latter procedures have conservative 
(i.e., high) estimates of the heating. Thus the 
demonstration that the aerodynamic heating of 
Brass Bell can be handled structurally is based 
on conservative estimates of the heating in cri¬ 
tical areas, so that this aspect of the Brass Bell 
f#»a«*htlity is reaffirmed by the present studies. 


1. EQUILIBRIUM HEATING RATES 

Two advanced methods, proposed by 
Lees, and Fay and Riddill, for predicting the 
aerodynamic heating of simple two-dimensional 
and axially symmetric bodies, assuming thermal 
equilibrium, show fairly good correlation with 
experimental data. The theoretical analysis 
underlying these methods was carefully checked, 
and two simplifying assumptions were gener¬ 
alized. The implications of these studies to 
practical problems are illustrated. 


The results of a study of stagnation- 
point heating on a swept wing, taking into account 
real gas effects, are also summarized. Essen¬ 
tially, the results show a lower reduction of 
heating with sweepback than predicted on the 
basis of ideal gas theory. 


a. Laminar Boundary Layer with Pres¬ 
sure Gradient 

An analysis of a laminar boundary 
layer with a prescribed external pressure gra¬ 
dient produced by the "bhint nose effect" was 
made with regard to aerodynamic heating. The 
results show that, although the heating rate is 
strongly dependent on the local pressure level, 
it is not very sensitive to the pressure gradient 
for the case of a cooled wall. 

Figure 44 illustrates the effect of a 
blunt leading edge on the equilibrium heat trans¬ 
fer downstream of the leading edge. At the 
shoulder of a nemicylindrtcal section, the heating 
r*te«. considering the bhint nose effect, are 
higher than the corresponding values predicted 
by Newtonian methods. This difference vanishes 
for this example at about 20 nose diameters 
aft of the leading edge. Thus, It can be seen 
that neglecting the blunt nose effect in certain 
cases can produce relatively large local errors 
in the predicted heat transfer rates. It should 
be noted, however, that the largest errors do 
not occur in the critical, or highest heating le¬ 
gions. 
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Figure 44. Theoretical Influence of "Blunt Nose 
Effect" on Heat Transfer Rate 


b. Dependence on Transport Proper¬ 
ties 

In any solution of the boundary layer 
equations, such as for heating rates, a funda¬ 
mental question arises as to the appropriate 
values of the transport properties to be em¬ 
ployed in the calculations. The values of these 
properties for dissociated and lontted air and 
their vsflattens at the high temperatures attained 
in the boundary layer are not accurately known, 
although this basic and difficult problem is, 
and has been, the subject of considerable re¬ 
search, primarily theoretical. 


In order to obtain some insight into 
the way various equally plausible variations of 
transport properties could affect the theoretical 
predictions of aerodynamic heating, two current 
viscosity-temperature laws were considered. 
The linear viscosity law as proposed by Chapman 
and Rubesln and the Sutherland viscosity law 
were employed in comparing heat transfer rates 
computed at arbitrary points, including the 
stagnation region. 

The results of this study Indicate that 
the Chapman-Rubesln law results in about 10 
per cent larger predicted heat transfer rates 
than the Sutherland variation. Although general 
conclusions regarding the dependence of heat 
transfer on viscosity cannot be drawn from this 
work, it does point out the need for a good 
knowledge of the viscosity parameter when pre¬ 
cise values of heat transfer rates are required. 

c. Sweptback Wings at Hyper sonic 

Speeds 

It is always desirable, from an aero¬ 
dynamic drag viewpoint, to be able to utilize 
slender bodies with very sharp leading edges. 
At hypersonic speeds, however, all bodies must 
be "blunt nosed" to some extent In order to re¬ 
duce the heat transfer rates to manageable pro¬ 
portions and to allow for internal heat conduction. 
It is apparent, from physical considerations, that 
the use of wing sweepback will reduce these 
large heating rates and thus allow the use of 
thin, low-drag shapes. The question arises as 
to how to predict the heat transfer over a swept 
wing with a blunted nose. This problem which 
has also been studied by others, is discussed 
in some detail in Reference 11. 

The practical result of this study 
is summarized in Figure 45, which indicates the 
reduction in heating rate due to sweepback as 
predicted by methods based on an ideal gas and 
a real gas in thermodynamic equilibrium. As 
shown, significant differences appear at the 
larger sweepback angles, which indicates the 
possible inaccuracies tiiat may result when ideal 
gas, small sweepback concepts arc extrapolated 
to cases involving large sweepbacks and real 
gases. 
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A, ANGLE OF SWEEPBACK— tf*«r«M 

Figure 45. Effect of Swoepbackon Local Heat Transfer Rate 


reaction rate models assumed to represent the 
dissociation process in the gas. 

a. Stagnation Region 

At the present time, three different 
reaction rate laws have been proposed (Hirsch- 
felder, Logan, and Davidson). The effect of 
the*# taws on the heating rates at the stagnation 
region of a one-foot radius hemispherical-nosed 
body was investigated for a flight condition 
corresponding to Mach 15 at 200,000 feet altitude. 
These results show that, for this condition, a 
catalytic surface has a negligible effect on the 
heat transfer rates; they are only slightly greater 
than the equilibrium rates. The use of a non* 
catalytic surface, however, can significantly re¬ 
duce the heat transfer, depending on the reaction 
rate law chosen. For the present ejuuiple, the 
use of the Davidson law predicts thr«t the heat 

A 


■ vhmc, - > • •* $ - 


2 NONEQUILIBRIUM HEATING RATES 

Preliminary considerations show that 
it is quite likely that the flow field produced 
by Brass Bell at the higher fMach number and 
altitude) portion of its flight path may be in 
thermal nonequilibrium. A theoretical investi¬ 
gation of the nonequilibrium case, paralleling 
and extending previous work, is reported in 
detail in Reference 11. The practical impli¬ 
cations of this work are presented here. 

An estimate of the important nonequil¬ 
ibrium effects on the heat transfer at any point 
in the nose region of a blunt-nosed, unyawed, 
axisymmetric body was extracted from the 
results of Fay and Riddell. The ratio of heating 
rates for nonequtlibrium conditions to corre¬ 
sponding equilibrium conditions is shown to de¬ 
pend on the catalytic effect of the wall and the 
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transfer rate will be reduced by a factor of 3.6 
with the use of surface "poisoning", whereas the 
Logan rate predicts a negligible reduction 
with a noncatalyttc surface. On the basis of 
recent limited experimental evidence, it appears 
that the Davidson rate is definitely too slow. 
For the given example, the effects of surface 
"poisoning" on the heat transfer rate would, 
therefore, be nearer those predicted on the basis 
of the Logan rate model. 

b. Local Regions 

The heat transfer rates for areas 
aft of the stagnation region were estimated 
approximately for the three rate laws and the 
same flight condition of Mach 15 at 200,000 feet. 
The variation of the heat transfer rate with dis¬ 
tance for the catalytic surface was found to be 
negligible. The noncatalyttc surface case, how¬ 
ever, shows that the faster reaction rate laws 


can lead to a significant reduction of local heat 
transfer rates as a consequence of the larger 
local pressure drops around the vehicle. The 
slower DaviJson rate exhibits only a slight 
decrease in local heat transfer, since most of the 
available reduction due to surface "poisoning" 
in this case has occurred at the stagnation point. 

It can be concluded, on the basis of 
the Logar rate law, that surface "poisoning" will 
produce a significant reduction (approximately 
50 per cent of the equilibrium value for this 
case) of heat transfer downstream of the stagna¬ 
tion point. 

c. Effect of Flight Condition 

To obtain an appreciation of the ef¬ 
fect of changing altitude-freestream flight Mach 
number conditions on the nonequilibrium heat 
transfer to a noncatalytic surface, the ratio 
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^ q / q egull) W2a ^^^ted as a function of 
altitude for several different Mach values, based 
on the Logan Rate Law. The results are given in 
Figure 46. At sufficiently higher altitudes 
(above 200,000 feet at Mach 15, for example), 
the surface heat transfer can be significantly 
reduced by the use of wall "poisoning" even for 
the faster reaction rate models. 

C. ENVIRONMENTAL CONDITIONS 
FOR VISUAL RECONNAISSANCE 
AT HYPERSONIC SPEEDS 

The problem of visual or photographic 
reconnaissance from a hypersonic aircraft is 
complicated by the fact that the human eye or 
the camera is in an environment quite different 
from that which prevails at rest on the ground. 
The various aerodynamic phenomena which 
could conceivably affect the light gathered by 
the camera, particularly those which are pos¬ 
sible only in hypersonic flight, are brought out 
and evaluated herein. These are categorized 
into two major areas; i.e., those associated 
with changes of the refractive index of air, 
and those associated with the emission of 
radiart energy in the visible portion of the 
spectrum. The results obtained on the basts 
of the best theoretical and experimental infor¬ 
mation available show that the practical use of 
a camera or any other optical device on Brass 
Bell is possible, but will be limited to selected 
regions of the visible spectrum where the 
interaction of the incoming light with optically 
active high-temperature air in the boundary 
layer is a minimum. 

In the following paragraphs, the influence 
and importance of each effect in either dis¬ 
torting the light field or in producing extraneous 
masking background light is discussed qualita¬ 
tively and quantitatively, and the practical 
measures which can be taken in each case to 
minimize any undesirable effects are Indicated. 

1. REFRACTION OF LIGHT WAVES 

A body moving at hypersonic speeds 
produces a shock pattern with its associated 


PROJECT 


sharp density gradients in the surrounding air. 
The question thus arises as to the extent of 
refraction of light waves coming in through 
this shock pattern to a camera located on the 
body. 

Immediately adjacent to a moving body, 
there is also a thin boundary layer where the 
state parameters velocity V, temperature T, 
and density P change rapidly from their values 
on the body to their extreme values. This 
boundary layer of highly heated air could con¬ 
ceivably affect light rays coming into a camera 
in the vehicle in several ways also. One is by 
refraction of the rays due to the large density 
variation in this layer, whether the flow in the 
boundary layer is laminar or turbulent Fre¬ 
quency selective refraction will also occur where 
the highly heated air in the boundary layer has 
absorption lines and bands in the visible part 
of the spectrum. 

a. Refraction by Shock Waves 

The shock pattern in the neighbor¬ 
hood of the camera is due to the conical shock 
off the nose of the body, softened by expansions 
from the shoulder (cone-cylinder Joint) of the 
body, and the shock off the leading edge of the 
wing. These patterns were computed for con¬ 
ditions corresponding to two points on the 
Brass Bell flight path (Mach 8, and Mach 15), 
and the results were presented in detail in 
Reference 9. Essentially, it has shown that the 
angle between the incident light to the camera 
(located near the rear of the body) and the 
shock wave is always less than 60 degrees. 
Corresponding deviation of incoming light rays 
was shown to be in the order of 0.003 degree. 
Although some design changes have occurred 
which would affect these calculations slightly, 
it is expected that the resultant deviations will 
still be negligible for all flight conditions. 

b. Refraction by Density Gradient 

in Roundary Layer 

A simple order-of-magnitude argu¬ 
ment was used in Reference 9 which demonstra¬ 
ted that the refraction of light by tie boundary 
layer density gradient is very smal’ at altitudes 
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above 100,000 feet (less than 0.0001 degree). 
This small value Is essentially due to the low 
air density where the Index of refraction is 
very close to that in a vacuum. A re-evaluation 
of this result in the light of the latest Informa¬ 
tion resulted in the same conclusions; i.e., this 
effect Is negligible. 


c. The Index of Refraction at Elevated 

Temperatures 

The path of a light ray as it passes 
through an optical medium (air) is completely 
specified by the spatial (and temporal) variation 
of the index of refraction and the position and 
direction of the ray as it enters the medium. 
The mathematical description of this statement 
is contained implicitly in the fundamental equa¬ 
tion of geometrical optics. The only quantity 
in the equation which depends on the properties 
of the medium Is the index of refraction. At 
low temperatures, the index of refraction is 
essentially a function of the air density. At high 
temperatures the problem is more complex; 
the refractive index is a function both of tem¬ 
perature of the medium and of the light fre¬ 
quency. A detailed discussion of this expression 
and its implications Is given in Reference 11. 
The essential features of the argument followed 
there and the results obtained are: 


(1) At high temperatures, absorp¬ 
tion lines and bands appear In 
the visible part of the spectrum 
of air, as differentiated from a 
continuous, essentially zero, 
absorption at room tempera¬ 
tures. 

(2) The magnitude of the refractive 
index is changed by these new 
absorption processes and it be¬ 
comes frequency sensitive (dis¬ 
persion). 

(3) The greatest changes In the 
value of the index are in the 
neighborhood of the line or 
band. 


(4) The greatest change in index 
for conditions significant for the 
Brass Bell vehicle is given by 
a typical calculation as n - 1 * 
0 . 00012 . 

The results obtained lead to the con¬ 
clusion that the dispersion effects of high- 
temperature air must be considered in any 
detailed study of maximum resolution. 

2. RADIATION 

The highly heated and partially dis¬ 
sociated and ionized air in the boundary layer 
surrounding a hypersonic vehicle emits radiant 
energy in the visible part of the spectrum. 
If this flux of radiant energy is very small 
compared to the luminous fl««x arriving at the 
vehicle from photographic objects, the visual 
reconnaissance capability of the aircraft will 
be unimpaired. Conversely, if the Intensity of 
light in the boundary layer is large compared 
to the intensity of light arriving from the object, 
visual reconnaissance is not feasible. For the 
Intermediate case, visual or photographic re¬ 
connaissance will be possible but with some 
degradation in clarity which must be evaluated 
(Section XI). 

At the present time, the flow quan¬ 
tities V, p , and T in the boundary layer for 
the flight conditions of interest to Brass Bell 
can be obtained by considerable computational 
labor, on the basis of reasonably accurate 
theories now available. The accurate prediction 
of the Intensity and distribution of the luminous 
radiation from an element of air at a given 
uniform temperature and density, however, 
requires relatively detailed Information con¬ 
cerning the composition of highly heated air. 
This is particularly true with respect to the 
minor constituents whose formation and break¬ 
up are accompanied In the atomic picture by 
electronic transitions which produce radiation 
in the visible and near Infrared part of the 
spectrum. The exact stage of an element of 
air in the boundary layer at a given point and 
under given external conditions depends on the 
history of the particle, starting with its passage 
through the shock wave. This brings in the 
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question of whether complete thermodynamic 
equilibrium of all components exists, or, if not, 
as is the more probable case for the conditions 
of interest, what is the actual composition of 
the air at a specific point in the flow pattern? 
The current state of the art does not permit 
such precise predictions to b*. made. 

It is possible to demonstrate, however, 
the general nature of the problem of boundary 
layer luminosity and to delineate the conditions 
where it could be significant, by presenting some 
characteristic numerical calculations. This has 
been done in Reference 11 for the significant 
radiating processes. A brief description of 
this work is presented in the following para¬ 
graphs. 

a. Equilibrium Radiation 

The visible radiation emitted by 
the highly heated boundary layer is produced 
by only a very small fraction of the molecules 
in the air in the temperature and density range 
of interest to Brass Bell. The radiation due to 
the recombination of electrons with oxygen 
atoms to form the negative oxygen ion is ex¬ 
pected to be the significant process, since the 
characteristic time for this mechanism is small 
enough to make equilibrium calculations mean¬ 
ingful. Although equilibrium calculations would 
show that the formation of nitrogen dioxide 
from nitric oxide and oxygen atoms produces a 
larger luminous flux, this process is too slow 
to be effective. 

The results of the calculations, 
the bound-free transition of 0" only, are given 


in Table Vm for a 5-centimeter slab of air at 
various densities and temperatures. These 
values represent the luminous flux received 
at the surface of the slab in the spectral region 
between 5000A* and 6000A* in lumens per 
square centimeter. Previous estimates of 
these phenomena (Reference 19) are slightly 
different than the present ones, due to the use 
of more recent values of the concentration of 
oxygen atoms and electrons. 

The values given in Table Vm must 
be compared with a typical value of 5 x 10” 3 
lumens per square centimeter representing the 
intensity of the light from the terrain. The 
boundary layer temperatures at the camera 
station are estimated to be less than 3000°K 
and the thickness of the maximum temperature 
layer about 5 centimeters at most, so that the 
intensity of light from the terrain is approxi¬ 
mately 10 timet larger than the intensity of the 
background light from the boundary layer. 

It was shown previously in Ref¬ 
erence 9 that visible radiation will emanate 
in the region of the body nose due to the local 
high temperature of the air. This is only sig¬ 
nificant in the region near the nose, however, 
and will not affect cameras located in positions 
aft. 

b. Nonequilibrium Radiation 

The general concept of non equili¬ 
brium radiation can be demonstrated as follows. 
Consider the time history of a given element 
of fluid as it passes through a strong normal 
shock. At time t * aero, the air is suddenly 


TABLE Vm. LUMINOUS FLUX FROM EQUILIBRIUM RADIATION 


Temperature 


(lumens per square centimeter) 


K 


P/P 0 (where P Q 

- sea level density) 



10- 1 

io- 2 

10‘ 3 

10" 4 

5000 

1.89 x 10- 1 

3.76 x 10~ ! 

6.79 x 10-3 

1.16 x 10' 4 

4000 

7.50 x 10-1 

2.20 x 10‘ 2 

4.41 x 10' 4 

7.54 x IO" 8 

3000 

8.70 x 10- 4 

7.22 x 10' 5 

3.42 x 10' 6 

1:12 x io- 7 


77 


REPORT NO. D 143-945-055 

stein 







heated by compression as it passes through 
the shock and, as a result, It Is put Into a new 
thermodynamic state defined by T, p , and V. 
The actual mechanism of the emission process 
requires a characteristic time, r . Therefore, 
the radiation is not emitted until the fluid ele- 
ment has traveled a distance d = V r from the 
shock front. 

The time r for a given radiation 
process can be computed from radiation theory, 
and the approximate velocity V can be calculated 
from the flow equations. The nonequilibrium 
radiation problem is significant in those cases 
where the distance is of the order of a charac¬ 
teristic vehicle length, L. The distance, d, for 
the reaction (NO ♦ 0-*-N0j ♦ h„) is given in 
Table IX for several typical flight considera¬ 
tions. 

The calculated distances, d, of Ta¬ 
ble DC are at least an order of magnitude 
larger than the vehicle length, leading to the 
conclusion that this process is definitely not 
In equilibrium and will not contribute to the 
background radiation at the camera station. 

c. Other Radiation Phenomena 

A possibility exists, which cannot 
be completely discounted at the present time, 


that oxidizer particles of the highly heated nose 
or skin will flake off or be eroded off by the 
high velocity air stream and, glowing and emit¬ 
ting visible radiation, be carried downstream 
over the camera field of vision. Preliminary 
tests have shown that flaking is unlikely with 
the metals currently being considered for the 
structural skin. Furthermore, microscopi¬ 
cally thin ceramic or metallic coatings which 
will not oxidize or sublimate into the outside 
air exist and can be used if necessary. The 
possibility of the skin at a temperature of the 
order of 2000* F vaporizing slightly into the 
boundary layer and providing a luminous source 
has been recognized, and an experimental pro¬ 
gram to study the existence and extent of this 
phenomenon has been outlined for future in¬ 
vestigation. 

3. FUTURE STUDIES 

The studies which have been completed 
at this time show that optical reconnaissance is 
feasible with a Brass Bell vehicle. The basis 
for showing that the refraction effect would 
not be significant for a reasonable choice of 
camera location and a usable portion of the 
visible spectrum is very firm. In conjunction 
with the radiation studies, however, it must be 
kept in mind that the theory Involves many 
assumptions which must be verified by further 


TABLE DC. CHARACTERISTIC DISTANCES FOR NONEQUILIBRIUM RADIATION 


Altitude 

(feet) 

Mach Number 

d 

(feet) 

120,000 

10 

4.«! :t 10 5 


12 

8.15 * ID 4 

f 

14 

8.50 x 10 4 


16 

1.03 x 10 5 

180,000 

10 

1.44 x 10 8 


12 

5.97 x 10 5 


14 

8.70 x 105 


16 

9.S8 x 10 : 

! 

17 

1 05 x 10 6 
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experimental studies or flight tests to supple* 
merit the available experimental information on 
radiation. The numerical calculations are 
sensitive to small concentrations of particular 
species of molecules, and consequently the 
validity of these results can only be established 
when the concentrations can be confidently pre¬ 
dicted with accuracy. The problem of predict¬ 
ing the concentrations is made difficult by the 
labor involved for the required accuracy for 
the equilibrium case, and by the lack of reliable 
basic information on recombination rates for 
the nonequilibrium case. 

Specific experimental and theoretical 
programs to obtain the required basic informa¬ 
tion underlying the prediction of visible radiation 
from the boundary layer have been delineated 
and sure presented in Reference 11. A program 
to obtain, sunong other things, accurate values 
of recombination rates for the various pro¬ 
cesses occurring in air throughout a range of 
temperatures and densities of interest for 
Brass Bell consideration, has already been 
initiated and is currently being conducted at 
Cornell Aeronautical Laboratory under the pres¬ 
ent Brsuts Bell contract. 

D. ENVIRONMENTAL CONDITIONS 
FOR RADAR RECONNAISSANCE 

The use of electromagnetic radiation in 
the radar frequencies for communication and 
reconnaissance by Brass Bell will be subject 
to interference by the environment of a highly 
heated boundary layer, where this layer plays 
a similar role to that outlined in the preceding 
section on visual reconnaissance. The proper¬ 
ties of the air in the boundary layer no longer 
resemble its properties at room or ambient 
temperatures. In particular, the concentrations 
of free electrons and oxygen atoms produced in 
the highly heated air are large enough to pro¬ 
vide strong interactions with radar waves. 

Two types of interactions have been in¬ 
vestigated and found to be Important. The 
first is the interaction of the electromagnetic 
wave (radar frequencies) with free electrons. 
This Interaction refracts or, in the limiting 
tase, reflects the wave as it enters an ionized 


layer. The second interaction la the frequency 
continuous absorption of the electromagnetic 
wave associated with the free-free transition of 
an electron in the neighborhood of an oxygen 
atom. There may be a number of absorption 
bands In the radar spectrum which are the result 
of molecular transitions, but these were not 
given priority for investigation during the cur¬ 
rent study period, since, in practice, they can 
be avoided by a judicious choice of radar fre¬ 
quency. These questions must be investigated 
ultimately, however, because of their effect on 
ferret reconnaissance. 


1. EQUILIBRIUM CONDITIONS 

a. Refraction and Reflecti. n of Elec¬ 
tromagnetic Radiation 

The gross aspects of the interaction 
of the radar waves with the free electrons in 
the boundary layer Is studied by considering 
the Index of refraction, n, of an electron gas 
which Is shown to be a function of the critical 
frequency of magneto-ionic theory. When the 
frequency of an electromagnetic wave incident 
on an ionized layer erf gas Is less than the 
critical frequency for the layer, the wuvo Is 
reflected by it. The value of the critical fre¬ 
quency for air at various temperatures and 
densities can be computed on the basis of the 
equilibrium concentrations of electrons. Table 
X gives the results of this type of calculation; 
here the critical wave length In centimeters 
is tabulated for a range of temperatures, T, 
and density ratios, p/p 0 , where p 9 • sea level 
density of air. The equilibrium concentrations 
of electrons used in these calculations were 
obtained from the (calculated) values given in 
Reference 20. 

It is noted that the critical wave 
length is very temperature dependent and only 
slightly density dependent; dependence on layer 
thickness is also small. Typical conditions In 
the boundary layer of the Brass Bell vehicle 
several feet downstream of the noee for flight 
at Mach 15 are that the maximum t«mparature 
is less than ,1000*K and p/p 4 x 10** 1 . Hence, 
it is seen from Table X that, on the assumption 
of equilibrium electron concentration, radar 
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TABLE X. CRITICAL WAVELENGTHS FOR ELECTRON REFLECTION (cm) 


TC K) 

j 

10" 1 

P/P 0 

io’ 2 

10” 3 

3000 

11.4 

20.4 


37.2 

72.5 

4000 

0.96 

1.04 


3.90 

9.25 

5000 

0.23 

0.51 


1.18 

8.90 

6000 

0.10 

0.22 


1.65 

1.23 

7000 

0.05 

0.12 


0.26 

0.52 

8000 

0.03 

0.07 


0.13 

0.24 


wave lengths smaller than about 20 cm will not 
be totally reflected, although they will be re¬ 
fracted to some extent. The amount of refrac¬ 
tion Is dependent on the wave length and the 
angle of Incidence of the Incoming wave to the 
antenna. This must be determined for a given 
case by a mere detailed method than the gross 
study given herein. 

K Absorption of Electromagnetic 

Radiation 

The absorption of electromagnetic 
waves by the free-free transitions of electrons 
in the field of atoms or molecules becomes 
Important in the frequency range characteristic 
of radar systems. This absorption process is 
continuous in nature and is frequency dependent. 
The absorption coefficient can be calculated 


and used for quantitative predictions of the 
transmission of radar waves through a layer 
of high-temperature air, taking into account 
the effects of Induced emission. The practical 
significance of the free-free absorption can 
be demonstrated with a few sample calcu¬ 
lations. The percent of transmission of a 2-cm 
wave (K-band) through a 5-centimeter slab 
of air at a temperature, T, and a density ratio, 
p/p 0 Is given In Table XI for some re¬ 
presentative values of these parameters. 

The boundary layer conditions dur¬ 
ing the flight of Brass Bell are not expected to 
exceed 3000 °K, with densities between 10-1 and 
10*2 of the sea level value. Therefore, Table 
XI indicates that some attenuation of the radar 
signal may occur, but the magnitude of this 
effect cannot be definitely established at this 
time. 


TABLE XL PER CENT TRANSMISSION OF A 2-CENTIMETER WAVE THROUGH A 5-CENTI¬ 
METER HEATED AIR LAYER 


T(°K) 

1 

10’ 1 


.O- 2 

10’ 3 

3000 

0.01 

36.8 


92.1 

99.0 

4000 

0.01 

0.01 


0.01 

57.4 

5000 

0.01 

0.01 


0.01 

0.37 

6000 

0.01 

0.01 


0.01 

0.01 
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2. NONEQWLIBRIUM CONSIDERATIONS 

The discussion In the previous section 
was based on the assumption that the concen¬ 
trations of electrons, oxygen atoms, etc., in the 
boundary layer are approximately equal to the 
equilibrium values. The validity of this assump¬ 
tion can only be established when the charac¬ 
teristic times for the electron recombination 
mechanisms, oxygen dissociation processes, 
etc., can be shown to be small compared with 
the characteristic flow time. The characteristic 
times for radiative recombination of electrons 
are discussed in Reference 11, but a great deal 
more work is required to complete the investi¬ 
gation of all the processes which can be im¬ 
portant in nonequilibrium flow problems. The 
concentration of each molecular species in the 
boundary layer is determined by a large number 
of competing reactions (radiative and non radia¬ 
tive). The fact that one (say, radiative re¬ 
combination) process is slow does not mean that 
the products of this reaction are not in equi¬ 
librium; a nonradiative three-body process may 
be fast enough to maintain equilibrium. On the 
other hand, a fast reaction may involve reac¬ 
tants which are products of slow reactions only; 
conse'Tuently, it will not be an important process. 
Quantirative statements about the effects of 
nonequ Jibrium flows must be based on a com¬ 
plete Knowledge of the detailed reactions, which 
at the present time is not available. 


E. INTERACTION OF AIRCRAFT 
SURFACE WITH ENVIRONMENT 

It is conceivable that the surface of a 
vehicle moving at hypervelocittes through the 
upper atmosphere can suffer deterioration due 
to several possible causes. A thorough exper¬ 
imental investigation of the extent and practical 
importance of each anticipated phenomenon is 
not possible, since the various phenomena are 
not amenable to adequate simulation in the lab¬ 
oratory at the present time. These phenomena 
and their effect can thus only be estimated by 
an extrapolation — guided by theory — of the 
very little information available from closely 
related experiments. 


It was estimated that the most Important 
potential causes of surface damage to the Brass 
Bell vehicle are pitting or penetration by mi¬ 
crometeor ic impacts, erosion due to surface 
sputtering, erosion due to chemically-Induced 
scaling of the surface metal, and possible igni¬ 
tion of the metal surface. Each of these phe¬ 
nomena are discussed and quantitative estimates 
of these effects are given. 

1. IMPACT WITH MICROMETEORS 

The limited amount of Information 
available at this time about the size and density 
distribution of micrometeors in the atmosphere 
must necessarily make any deductions regarding 
their interaction with the surface of the vehicle 
highly speculative. Previous estimates had to 
be revised because very recent information 
from upper atmosphere rocket firings gives an 
estimate of micrometeorlc density in the at¬ 
mosphere several orders of magnitude greater 
than the previously accepted density. 

Micrometeors enter the earth's at¬ 
mosphere with velocities ranging from 36,000 
to 240,000 feet per second. Unlike the larger 
meteors, micrometeors slow down because of 
collisions in the rarefied atmosphere. At 
about 230,000 feet, the micrometeors lose their 
high entry velocity and slowly settle to the 
ground, taking from one to seven days to fall. 
Below this altitude, therefore, one need not 
consider the high velocity of entry into the 
earth's atmosphere, but need only consider the 
velocity of the flight vehicle in the interaction 
between the micrometeor and the skin of vehicle. 

Recent rocket soundings have been 
undertaken to determine the density of micro- 
meteoric dust by measuring the rate of meteor 
Impacts with the rocket vehicle (Reference 21). 
Results of these early findings indicate a number 
density of micrometeors of one per 10 cubic 
meters, with diameters ranging between 10 and 
50 microns, and density and composition un¬ 
known. 

Damage to the skin of a vehicle by an 
individual micrometeor will depend primarily 
upon several factors; the impact momentum of 
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the meteor relative to the vehicle, the size and 
composition of the meteor, and the akin mater¬ 
ial. Damage will depend also upon the structure 
of the meteor; e.g., "feathery" meteorites 
honeycombed with holes, meteors with a high 
iron content, or stony meteors. A discussion of 
this point, however, is quite speculative at this 
time. 

Results of available laboratory tests 
on damage due to high-velocity particles im¬ 
pinging upon targets of various materials do not 
give a completely satisfactory basis for pre¬ 
dicting damage due to meteors, since full sim¬ 
ulation of particle sice and velocity have not 
been attained. However, an indicative trend 
may be obtained by using the results obtained 
from steel pellets Impinging upon a steel target 
(Reference 22). For a value of V * 18,000 feet 
per second for the velocity of the vehicle (im¬ 
pact velocity), it is seen that for steel Impacts 
upon steel, the depth of penetration is approx¬ 
imately 3 particle diameters. For a 50-micron 
diameter meteorite, this penetration amounts 
to 0 008 inch. 

A consideration of the interaction be¬ 
tween the shockwave and the micrometeor shows 
that the depth of penetration-particle diameter 
ratio is not significantly altered for the velocities 
of interest. That is, particles in the order of 
50 microns will affect a body moving at M a 10 
and preceded by a shock wave essentially as 
much as they would in the idealized case of no 
shock wave Interaction. 

For a vehicle traveling at 18,000 feet 
per second through a micrometeoric concen¬ 
tration of one particle per 10 cubic meters as 
given bv the latest data, the impact rate ie 
about 50 hits per second per square feet of 
frontal area. Thus, the frequency of impact 
and the damage per impact Indicate that the 
micrometeor problem may be severe. It is 
emphasized again, however, that (1) the damage 
results given above are based upon laboratory 
data where complete simulation was not pos¬ 
sible, and (2) knowledge regarding the compo¬ 
sition and specific gravity of micrometeors 
is far from adequate. 


It is expected that more experimental 
data providing the basis for the estimates of 
micrometeoric concentration in the atmosphere 
will become available from sounding rocket fir¬ 
ings scheduled during the current IGYprogram. 
Also, the problems of firing particles of less 
than 0.005 inch in diameter in the laboratory 
are being solved, so that reliable penetration 
data should also be available in the next year 
or two. 

2. SURFACE EROSION 
a. Sputtering 

Sputtering is the name given to the 
phenomena of a gas atom moving at high speed 
which strikes the skin of the vehicle with suf¬ 
ficient kinetic energy to remove an atom of the 
akin material. Two distinct types of sputtering 
mechanisms were investigated previously (Ref¬ 
erence 19). These were the bombardment of 
the metal akin by fast moving neutral atoms 
with sufficient kinetic energy to remove an atom 
from the metal lattice, and the bombardment by 
ions in the surrounding air accelerated by a 
potential difference between the metal lattice 
and the source of the ions. It was considered 
at that time that sputtering would not be a sig¬ 
nificant factor for Biass Bell. Since no basic¬ 
ally new Information has become available, this 
conclusion is still considered valid. 


b. Chemically Induced Scaling 

A limited amount of work has been 
done on oxide scale formation on materials at 
elevated temperatures, and this under static 
rather than dynamic conditions. Thus, there is 
no adequate basts upon which to evaluate the 
poss'billty or extent of oxide formation and 
scaling on the Brass Bell skin. 

The thickness of scale formed in 
the absence of surface cracks is roughly pro¬ 
portional to the square root of the time, the 
principal mechanism being the diffusion of 
lattice vacancies between oxide and metal. 
High shear flows, turbulence, and Impinge- 
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ment of small particles can cause greatly tn- 
c reased oxidation attack on metal surfaces, since 
the oxide coating will be continuously removed, 
leaving virgin metal continuously exposed to 
further oxidation attack. Reference 23 shows 
that the amount of scale formed depends some¬ 
what on the composition of the alloy, but no 
predictions were made as a result of this work. 
Indications are, however, that oxide scale can 
be effectively inhibited by proper alloying. 

The question of whether or not oxide 
formation and scaling occurs, and whether it 
is important for suitable skin material, like 
Haynes alloys, must await experimental inves¬ 
tigation where the high skin temperature, the 
oxidizing atmosphere, and the shearing stresses 
are all simulated. Facilities for making these 
tests, such as Rollo (Cornell Aeronautical Lab¬ 
oratory) and various proposed modifications of 
plasma Jets and high-intensity arcs are being 
built and will shortly be available. 


3. SURFACE IGNITION 

The possibility of combustion of the 
skin should be considered, since many struc- 
tura* materials react with oxygen or even ni¬ 
trogen with the evolution of heat. However, a 
thorough study is not possible at this time 
because relatively little basic work has been 
done in this field that can be applied to hyper¬ 
sonic conditions. 

While the fundamental principles un¬ 
derlying ignition are relatively simple and 
some preliminary experiments are available 
for relatively slow cold flows, it is extremely 
difficult to extrapolate these data to hypersonic 


conditions. For example, ignition depends on 
the rate of change of heat transfer. Since heat 
transfer predictions are extremely complex at 
hypersonic speeds, the rates of changes are 
even more so. 

An understanding of the theory of ig¬ 
nition and combustion, however, allows setting 
forth guiding principles which tend to minimize 
the probability of encountering these phenomena 
during flight. These involve selecting the con¬ 
ditions which (1) raise the Ignition temperature 
of the surface material above the temperature 
of the body, and (2) result in a higher rate of 
change of heat loss with surface temperature 
than the rate of change of heat input with surface 
temperature, so that the equilibrium tempera¬ 
ture Is stable. 

Factors which tend to raise the igni¬ 
tion temperature are: 

a. High thermal conductivity and high 
emlssivity. 

b. Low heat of reaction. 

c. A slow reaction rate due to a high 
activation energy and a thick pro¬ 
tective film. 

The rate of change of heat loss with 
respect to surface temperature relative to the 
rate of change of heat input can be Increased by 
selecting a material with a strong temperature 
dependence of thermal conductivity and emls¬ 
sivity, and having both a low heat of reaction and 
a low activation energy. Except for the low 
heat of reactions, the requirements are con¬ 
flicting. 
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The broad purpose of the navigation sys¬ 
tem studies conducted during this period (re¬ 
ported In detail In Reference 24) was to extend 
the preliminary system analysis performed 
during the previous period and reported in Ref¬ 
erence 25. 

In detail this study covered: 

A. Selection of error equations 

B. Vertical channel analysis 

C. Horizontal channel analysis 

D. The effects of components dynamics 

E. Digital computer performance 

F. Review of over-all system configura¬ 
tion. 

This particular study was restricted to a 
confide ration of the navigational requirements 
only and did not include the many associated tie- 
in problems. The effort was concentrated on 
determining major effects unique to the environ¬ 
ment caused by use in a hypersonic vehicle rather 
than on design details. These studies were 
applied only to the system described in Refer¬ 
ence 25, and no examination was made at this 
time of other possible system configurations. 

A. SELECTION OF ERROR 
EQUATIONS 

During previous Studies (Reference 25). 
the differential equations for platform tilt, 
velocity, and position errors were derived for 
various source errors. These derivations were 
based on the assumption of all-analog computa¬ 
tion. Since many of the computations required 
in the Brass Bell navigation system will be 
performed by a digital computer, the system was 
again analyzed, but as a samp led-data system. 

The purpose of this study was to compare 
the results obtained originally for an analog 


instrumentation (solutions of differential equa¬ 
tions) and the corresponding results calculated 
when digital computations are performed (solu¬ 
tions of difference equations). 

The results of this study indicated that the 
additional errors due to the introduction of a 
digital computer into the Schuler loops are, for 
a sampling period of less than 0.1 second: 

Platform tilt 1 x 10’* minutes of arc 

Velocity 1 x 10" 3 feet per second 

Position 3 feet 

This analysis assumed no errors in the digital 

computer Itself. These effects will be treated 
separately as computer errors. The conclusion 
that can be drawn from this study is that even 
though digital computations are used, the sys¬ 
tem can be treated on a linear basis, greatly 
simplifying the analytical work. 


B. VERTICAL CHANNEL ANALYSIS 

Previous estimates of the accuracy of 
vertical channel informat 1 on for accelerometer 
compensation and the computation of earth's 
radius were based on the use of average values. 
However, considering an Inertial vertical In¬ 
strumentation, the major contribution of uncer¬ 
tainties in the vertical instrumentation to hor¬ 
izontal position errors occur during the early 
portion of flight when the vehicle velocity is 
high. At this time, vertical errors are email. 
Thus, it is more realistic to consider the entire 
instrumentation, Including the effects of cross¬ 
coupling between the horizontal and vertical 
channels. This method permits the specifica¬ 
tion of a vertical instrumentation that has 
errors Increasing with time rather than average 
values. 

At a time of 3200 seconds, the errors In 
horizontal position as a function of naccuracies 
in the vertical instrumentation are. 
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For acceleration errors — 2.0 x 10 feet per g 

For velocity errors — 8.5 x 10* feet per 

feet per second 

For initial platform - 22.5 x 10* feet per 
tilt minute 


Assuming an allowable horizontal position 
error of 3000 feet for each source, the resulting 
instrumentation accuracies for a pure inertial 
vertical channel are: 

>5 

Acceleration - 1.5 x 10 g 

Velocity 0.35 feet per second 

Initial Platform Tilt - 0.13 min. of arc 

Although these requirements are not too 
different from the horizontal channel, some 
means of supplementing the vertical channel 
would still be desirable. 

Several possible sources of external ref¬ 
erences to supplement the inertial vertical in¬ 
strumentations are as follows: 

a. Radar altimeter 

fc. Atmospheric measurements 

c. Programmed reference data 

d. Doppler radar 

A radar altimeter gives an Indication of 
altitude above terrain to a reasonable degree of 
accuracy. However, to be useful to the naviga¬ 
tion system, a terrain correction and the elllp- 
tlclty of the earth must be programmed in to 
achieve the desired radius vector. Vertical 
velocity Information can be obtained from a 
radar altimeter by averaging over a finite time 
Interval. Good terrain Information must be 
programmed into the system, and appropriate 
sampling times, based or the terrain variations, 
must be employed to obtain the desired accu¬ 
racies. An important consideration to be noted 
is that, for all possible flight paths, certain 


regions exist where terrain information is ac¬ 
curately known and either small in value or with 
minute variations. Thus, with a system making 
corrections at discrete Intervals over these 
known regions, the use of a radar altimeter ap¬ 
pears practical. 

At first glance, the possibility of obtaining 
vertical information from atmospheric meas¬ 
urements appears to be undesirable because of 
the difficulty of measuring the atmosphere at 
high speeds and correlating these measurements 
to height. However, the vertical information 
obtainable from an inertial Instrumentation Is of 
relatively high accuracy during the early portion 
of flight. This Information could possibly be 
used to calibrate an air data system. Additional 
experimental work would be required to verify 
this possibility. 

The fact that the average requirements for 
vertical velocity and position accuracies repre¬ 
sent about 5 to 10 per cent of both the maximum 
vertical velocity and the change of altitude dur¬ 
ing the glide, introduces the possibility of ob¬ 
taining this information from a program of the 
glide path. Again, this requires an analysis of 
how accurately the glide path can be predicted. 

The use of a Doppler radar does not ap¬ 
pear to offer a satisfactory solution. 

The optimum method of Inserting external 
vertical Information Into the Inertial Instru¬ 
mentation varies from a discrete insertion of 
an altitude signal used only to correct vertical 
position, to a continuous introduction of vertical 
information where the steady state velocity and 
altitude measurement is obtained from the ex¬ 
ternal reference and the transient information 
from the inertial reference. 

Figure 47 shows in block diagram form 
a system using discrete corrections of both 
velocity and position. To establish the advan¬ 
tage of this system against one using only 
position correction, an analog computer eval¬ 
uation of the error equations was performed. 
It was assumed that no errors existed In the 
reference Information and that the forcing error 
source was due to a bias error in the vertical 
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Figure 47. fciertial Vertical Instrumentation with Discrete Velocity and Position 
Corrections 


accelerometer of 7.6 x 10 “ 5 g. The resulting 
horizon Lai position error at the end of flight is 
15,00? feet for a pure inertial vertical instru¬ 
mentation, 12,000 feet if only a position cor¬ 
rection was made at the halfway point, and 
4000 feet if both a position and velocity cor¬ 
rection were made at the halfway point. 

The decision as to which scheme to use 
to supplement the inertial instrumentation must 
await the evaluation of all the various sources 
of error in the vertical channel. Of primary 
interest are the errors associated with the 
vertical position and velocity reference and the 
terrain program. The places at which the fixes 
are to be made can be selected such that the 
probable terrain errors are low. 

Since a radar altimeter will probably be 
required to provide image motion compensation 
for the photographic equipment, this can also 
be used to provide the external reference re¬ 
quired for the navigation system. 


C. HORIZONTAL CHANNEL 
ANALYSIS 

1. CROSS COUPLING 

One of the major objectives of this 
study was the evaluation of the effects of cross¬ 
coupling betwee n channels occurring when the 
true coordinate system and the coordinates in¬ 
dicated by the system instrumentation are not 
coincident 

The generalized equations denoting the 
cross-coupling terms were derived and listed 
in Reference 24. Since it was determined that 
this system could be treated as if it were 
analog Instrumentation, the evaluation of these 
equations was performed using the analog com¬ 
puter. 

To simplify the original analysis ft was 
assumed that the equator of the navigation co¬ 
ordinate system was coincident with ♦>:> earth's 
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equator, and that the true flight path waa along 
the equator. Coupling between the vertical and 
horizontal channels was not considered as har¬ 
ing been studied as part of the vertical channel 
analysis. These assumptions permit a sim¬ 
plification of the analysis In that the coupling 
of the longitudinal equations and the lateral 
and azimuth angle equations is eliminated. 


I 



To determine the effects of mass un¬ 
balance and aniaoeiastlcity, two possible orien¬ 
tations of the gyros with respect to the X, Y, 
Z coordinates were assumed as shown In Figure 
48. For the mission selected a* Is very near 
zero and terms containing it can be neglected. 
For the cases studied, the major effect of 
cross coupling In the horizontal channels is the 


H 




Figure 48. Possible Gyro Orientation and Resulting Drift Rate 
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introduction at terms In the y-tilt and azimuth 
rate equations that are functions of the vehicle 
velocity and dependent upon azimuth and y-tllt 
errors, respectively. The comparison of the 
resulting horizontal position errors for both 
the coupled and uncoupled analyses are shown 
in Table XU for the various types of source 
errors. The small difference occurring In the 
longitudinal errors Is the effect of using a 
variable Schuler frequency in the coupled anal¬ 
ysis rather than an average value as previously 
used. 

Detailed results of this study appear 
in Reference 1, and the resulting RMS position 
errors are shown In Figures 40 and 50. These 
curves are based on gyro orientation according 
to Position I shown on Figure 48. Thus, there 
are no terms Included for gyro anisoelasticlty. 
The effects of gyros operating under a vibra¬ 
tion environment has not been evaluated as yet. 
These results, Including coupling, are not sig¬ 
nificantly different from the uncoupled analysis 
presented In Reference 24. 

The effect of a great circle flight other 
than along the equator Introduces additional 



TIME - hundreds of sseondt 

Figure 49. RMS Longitudinal Position Error 



Figure 50. Lateral Position Error 

cross-coupling terms that are a function of the 
earth's rate. However, because of the high 
velocity of the vehicle, they are less than 10 
per cent of the forcing functions studied for the 
simplified case. Their additional effect on sys¬ 
tem accuracy should be relatively Insignificant. 

For non-great circle flight where a-, 
can no longer be considered zero, additional 
coupling terms must be considered. Scale 
factors errors will also occur In the lateral 
channel, and the mass unbalance and aniaoelas- 
tlc gyro drift equations will Include additional 
terms. However, with the lateral deviation 
limited to 500 nautical miles from the great 
circle and heading angles off the great circle no 
greater than 30 degrees, no major new sources 
of error exist and the position error curves ob¬ 
tained for great circle flight are not altered 
appreciably. 

2. DIFFERENTIAL POSITION ERRORS 

One of the important functions of a re¬ 
connaissance system Is Its ability to determine 
the distances between two point* over which the 
flight occurs. 

Figures 51 and 52 shot/ the accuracy 
attainable In determining the distances between 


90 


REPORT NO D 143-945-055 
SECRET 











5 & C ft £ T 


PROJECT BRASS BELL 



F'ffure 51. Longitudinal Errors Between Two 
Points 


two points by subtracting the total positions of 
ihe point* as indicated by the navigation system. 
Three curves are shown for the location of the 
first point, corresponding to times of 800,1600, 
and 2400 seconds after take-off. These curves 
are based on the fact that, over small time In¬ 
tervals, the position error due to «ry individual 
error source Is perfectly correlated. 

0. EFFECTS OF COMPONENT 
DYNAMICS 

The effects of instrumentation dynamics 
are most important durli* the boost phase of 
flight when the Input parameters are changing 
rapidly. The effect of the boost profile on gyro 
performance has been considered previously 
under mass unbalance and anisoelastirity. The 



400 800 1200 1600 2000 

OISTANCE APART— notified miles 


Figure 52. Lateral Errors Between Two Points 


purpose of this study was mainly concerned with 
the dynamics of the accelerometers. 

The results of this study indicate that, 
for existing Instrumentation design, the natural 
frequency of an accelerometer is essentially 
determined by the maximum allowable cross¬ 
coupling error. For the accelerometers re¬ 
quired for this system, this error results in a 
natural frequency in the order of 2800 radians 
per second, which is the same order of m*mi. 
tude obtainable for existing accelerometers. 
With s damping factor in the order of 0.4 to 
0.7, the errors Introduced by the accelerom¬ 
eter’s Inability to follow the boost profile ex¬ 
actly were found to be Insignificant. 

A study was made to detersL’ne the effect 
of platform vibration isolators ctt the Input ac¬ 
celerations. Results indicated that with an 
isolator having a natural frequency as low as 
10 radians per second, the errors that occurred 
were negligible. The effect of platform vlbra- 
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tlon isolators on the accuracy of tho attitude 
information measured by the platform presents 
a much more serious problem, and additional 
lnrestifations are necessary to determine the 
adequacy of these data as an attitude reference 
for flight control. To perform this analysis, the 
expected vibration spectrum must be available 
in order to specify isolator requirements for 
a given set of instruments. 

Based on the assumed flight profile during 
the boost and a 0.5-foot per second maximum 
allowable velocity error at the start of glide, 
the required accelerometer sampling rates were 
determined to be 180 per second and 195 per 
second for a computer using, respectively, 
trapezoidal and rectangular integration tech¬ 
niques. It should be mentioned that these are 
msud’nums, and in the practical case should be 
lower. 

E. DIGITAL COMPUTER 
PERFORMANCE 

A study was performed to determine the 
suitability of a fixed-increment type of com¬ 
puter for the Brass Bell navigation system. 
Originally it was estimated that some form of 
programmed flight profile augmentation would 
be required during the boost phase of flight. 

Those studies Indicated that, based on the 
use of an Integrating accelerometer with out¬ 
puts quantized to a value of 0.5 foot per sec¬ 
ond, a fixed Increment computer with (+1, 0, 
-1) size Increments and a 128 per second 
iteration rate would be capable of the following 
performance. 

1. Scaling error - 145 feet 

2. Time base error - 7S5 feet 

S. Scale Factor error - 750 feet 

If an accelerometer were used, the re¬ 
quired Iteration rate would be 256 per second. 

The most significant errors eentributed 
by the digital computer are the scale factor or 
quantization errors that are dependent on the 
Incremental computations. The ability to follow 
a fast changing quantity and the minimizing of 
quantization errors requires an increased Iter- 

_ 


a tlon rate. Thus, it Is recommended to perform 
only the position integration by fixed incre¬ 
mental techniques, and the integration of accel¬ 
eration with full binary words to avoid unrea¬ 
sonably high Iteration rates. 

F. REVIEW OF OVER-ALL SYSTEM 
CONFIGURATION 

As a result of this study, a review was 
made of certain details of the system config¬ 
uration proposed in Reference 24. In general, 
no significant changes were found to be neces¬ 
sary. Certain additional considerations per¬ 
tinent to this system were found as a result of 
this study. 

The gyros could be oriented as shown In 
column I of Figure 48, thereby minimizing the 
effects of mass unbalance and anisoelastlcity 
for constant acceleration Inputs. 

As Integrating accelerometer Is recom¬ 
mended for this application because of present- 
day problems connected with accurately con¬ 
verting analog acceleration data intodigital form. 

Self-leveling of the platform using the 
accelerometers partially eliminates the errors 
associated with accelerometer bias uncertain¬ 
ties. 

Although certain cross-coupling effects 
were found to be of some significance, their 
consideration did not result In any major change 
In system performance. 

After more detailed study, a review of the 
component specifications listed In Reference 24 
showed that the assumed values were conserva¬ 
tive and some Improvement in the over-all 
system performance could be obtained by as¬ 
suming Improved accuracy figures for: 

a. Accelerometer compensation 

b. Drive scale factor 

c. Geocentric scale factor 

d. Earth's rate compensation 

e. Position integrator 
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The effort In the area of flight control 
during this period hae been a continuation erf the 
studies reported in Reference 28. 

These studies, reported in detail in Ref¬ 
erence 27, here been limited t the following 
analyses pertaining to the airplane automatic 
flight control system. 

A. Pitch Attitude Stabilization 

B. Glide Path Control for Maximum Range 

C. Yaw Stabilization and Turn Coordination 

A. PITCH ATTITUDE 
ST ABIIIZATION 

Although the aerodynamic and aeroelastlc 
characteristics of the Brass Bell airplane are 
not firmly established, an analysis of the auto¬ 
pilot was made to uncover any special control 
problems that might occur with the airframe and 
to permit a resolution of many of the autopilot 
probl ems which can only be done after a detailed 
analyses. An important objective of this study 
was to effect a comparison of reaction control 
systems with conventional aerodynamic con¬ 
trols. 

During these studies, a conservative de¬ 
sign approach was taken Insofar as the aero¬ 
dynamic characteristics were selected for the 
case of maximum static instability. (Angle 
of attack at trim assumed zero.) In the actual 
case, It Is expected that, at trim conditions, 
positive static stability will exist. This belief 
was not investigated »♦ the present lime, and 
will be the subject of future studies. 

There were five major objectives of this 

study: 

a. To establish performance figures 
for attitude stabilization. 

b. To compare the use of reaction 
controls and aerodynamic surfaces. 


c. Tb establish the accuracy of at¬ 
titude control. 

d. To establish preliminary perform¬ 
ance specifications. 

e. To determine and point out those 
aspects of the structural and aero¬ 
dynamic design that may preclude 
a practical autopilot design. 


1. ATTITUDE STABILIZATION 

Two criteria exist for establishing the 
performance of an autopilot for a statically un¬ 
stable airframe. First, a minimum gain Is 
required to overcome the unstable moments; 
and second, consideration of the aeroelastlc 
characteristics and the dynamics of the auto¬ 
pilot components establishes a maximum gain. 

Because of the low aerodynamic damp¬ 
ing existing during hypersonic flight conditions, 
artificial damping must be provided. Theoreti¬ 
cally, the damping signal could be obtained from 
rate gyros or passive networks operating on 
the attitude signal. However, consideration of 
the use of the inertial platform of the navigation 
system as an attitude reference and the bending 
characteristics of the airframe makes the use 
of rate gyros moat desirable. Considerably more 
freedom is available in locating the rate gyros 
rather than the inertial platform In a position 
favorable to the bending modes. 

Based on the existing aerodynamic and 
aeroelastlc data, the maximum and minimum 
autopilot gains together with a recommended 
setting were determined as a function of altitude 
as shown In Figure 53. These data are for a 
system using aerodynamic control surfaces. 
Since the required gain of 5 at 180,000 feet 
Is greater than usually employed for flight 
control system*, some problems may exist 
due to unwanted control surface otcillations 
caused by Internal autopilot noise r.- control 
surface Inertia feedback. 
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figure 53. System Pitch Autopilot Gain Variations 


Autopilot noise, which exists for both 
aerodynamic and reaction control system a, can be 
controlled by careful design. Control surface 
inertia fee iback is unique to aerodynamic con¬ 
trols and represents a major limitation to 
operation a?, high autopilot gains. A study was 
made at this problem, and the results Indicated 
that, for the existing control surface config¬ 
uration, poor stability characteristic a were 
present at frequencies in the region of the 
natural frequency of the actuator Is?? 

An analysis of the actuator loop in¬ 
dicated that a stable loop could be attained, 
haring a loop gain of 20 and a natural fre¬ 
quency of 70 mdtsns per second. Although It 
is desirable to hare the natural frequency as 
high as possible, practical design limitations 
ars Imposed by the mechanical parts. A 
further restriction must be Imposed on the 
StCtuator loop in that its natural frequency 
must not coincide with the natural frequencies 
of the body bending modes. 

As a part of this study, the effect of 
certain of the system nonlinearities was In¬ 
vestigated. particularly nonlinear aerodynamic 


moment curves and control surface position 
and relocity limits. The results of this study 
indicated that a control surface position limit 
of 15 degrees and a reloci ty limit of 30 degrees 
per second would be required to provide ade¬ 
quate stability. 

2. COMPARISON OF AERODYNAMIC 

AND REACTION CONTROLS 

According to studies conducted by the 
NACA, reaction control is required when the 
dynamic pressure is below a figure In the 
range of 2.5 to 10 pounds per square foot. 
However, for Brass Bell, Hie minimum ex¬ 
pected dynamic pressure is in the order of 
250 pounds per square foot. Thus, a com¬ 
parison between the two methods of control 
was made on the basis of efficiency in terms 
of monopropellant weight to provide thrust for 
reaction control and hydraulic power for aero¬ 
dynamic surfaces. To provide a comparison, 
the parameters of each system were selected 
to give equivalent responses. The disturbing 
forces were assumed to be caused by gusts, and 
a study was conducted to establish a suitable 
gust power spectrum. 

The results of this study are shown in 
Figure 54 in terms of the ratio of monopro¬ 
pellant consumption for reaction controls to 
consumption for aerodynamic control. It should 
be noted that the major power requirement for 
the aerodynamic control system is established 
by leakage flow conditions. Elimination of this 
leakage would lncreane the ratio shown in Figure 
54 by an order of magnitude. 

It Is thus apparent that aerodvnamic 
controls are by far more efficient and, there¬ 
fore, despite the problems connected with oper¬ 
ation at high autopilot gains due to control 
surface inertia coupling, reaction controls are 
not recommended for Brass Bell. 

3. ACCURACY OF ATTITUDE CONTROL 

Based on the autopilot parameters and 
the gust power spectrum established during this 
study, preliminary calculations Indicate the 
standard deviation of the attitude error will 
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Figure M. Relative Efficiency of Reaction and 
Aerodynamic Controls 


not exceed 0.1 degree for altitudes above 100,000 
feet. 

However, before It can be determined 
that stabilization of the airframe alone will 
provide an adequate platform for the recon- 
naifuonce sensors, the gust power spectrum 
must be defined with a greater degree of 
confidence. 

4. PRELIMINARY PERFORMANCE 

SPECIFICATIONS 

A detailed list of the preliminary pitch 
autopilot performance specifications is in Ref¬ 
erence 27. Of these the most important ones 
are: 


a. Autopilot static gain and damping 
must be varied as a function of 
altitude. 

b. A rate gyro must be used for 
damping and located at a position 
defined by consideration of the bend¬ 
ing modes. 

c. The control surfaces should have a 
position travel of at least ±15 de¬ 
grees with a velocity greater than 
30 degrees per second. 

d. The natural frequency of the actu¬ 
ator loop should not coincide with 
any of the natural frequencies as¬ 
sociated with the bending modes and 
should be at least 70 radians per 
second. 

5. AERODYNAMIC AND AEROELASTIC 

DESIGN CONSIDERATIONS 

Although aerodynamic control surfaces 
are recommended for Brass Bell, the results 
of this study have indicated the over-all stabil¬ 
ity characteristics are marginal for the pres¬ 
ently defined configuration. 

However, In the spirit of the design 
philosophy of the present control system studies, 
It is Important to point out the following design 
trends that will tend to Improve the perform¬ 
ance of the automatic control system. 

a. Increased static stability of the 
airframe. 

b. Increased rigidity of the airframe. 

c. The establishment of a more favor¬ 
able mass balance of the control 
surface about the hinge line. 

B. GLIDE PATH CONTROL 

Previous studies had assumed that If the 
Uft-to-drag ratio was maximized, maximum 
glide range would be achieved. An Instru¬ 
mentation capable of providing thir, control 


»5 


REPORT NO. D 143-945-055 

S(C MT 




BELIc^wyff 


SECRET 


was described in Reference 26. However, 
this instrumentation was rattier complex and, 
further, some doubt existed as to whether 
maximum lift-to-drag represented the optimum 
condition for glide range control. Therefore 
a study was initiated to: 

1. Determine rigorously the required 
flight path control to obtain maximum 
glide range. 

2. Find the best compromise between 
ease of instrumentation and range 
penalty based on the theoretical maxi¬ 
mum range. 

The results of this study indicated that: 

1. Flight path control by maximizing the 
llft-to-drag ratio results in only a 
0.1 per cent reduction of the theoretical 
maximum range. 

2. Flight path control by commanding a 
constant angle of attack results in a 
0.3 per cent reduction of the range 
attainable for maximum llft-to-drag 
ratio control. 

3. The flight paths obtained had a con¬ 
siderable long-period oscillation whose 
damping could be improved by adding a 
signal proportional to acceleration. 
Since a corresponding reduction of 
range occurs, the desirability of damp¬ 
ing the phugold will have to be evalua¬ 
ted in more detail. 

C. YAW STABILIZATION AND 
TURN COORDINATION 

During this period, an analysis similar 
to the one performed for the pitch channel 
was Initiated for the yaw automatic control 
system. 

The present concept of control for the 
Brass Bell airplane is to accomplish lateral 
manuverlng by rolling the aircraft and uti¬ 
lizing the rotated lift vector as the generating 


force of the turn. Therefore, the yaw con¬ 
trol system, in addition to providing directional 
stability, must also provide turn coordination. 
The definition of a coordinated turn is that all 
aerodynamic forces in the yaw plane and normal 
to the longitudinal axis of the aircraft are zero. 


From these definitions, it can be seen that 
lateral control of the aircraft requires the in¬ 
tegrated action of the pitch, roll, and yaw con¬ 
trol systems. The pitch attitude control sys¬ 
tem must provide the proper lifting forces to 
maintain the desired vertical plane flight path 
and to generate the required turning rate. Roll 
attitude control accomplishes the rotation of 
the Uft vector. The yaw control system main¬ 
tains the angle of side slip at zero to give turn 
coordination. 


To determine the control requirements, 
the expressions describing the forces and ve¬ 
locities acting on the airframe were derived 
for the condition where coordination exists. 
Certain simplifying assumptions were made 
for this preliminary analysis. These do not 
change the basic equations derived other than 
the addition of certain terms. Their con¬ 
sideration will be part of future analyses. 
These equations show that, for the case studied 
(coordinated turn in a horizontal plane), ro¬ 
tational rates exist about the aircraft yaw and 
pitch axes. On the basis of these conditions, 
po itble schemes can be considered for achiev¬ 
ing the desired control. 

The most obvious method of control is to 
actually measure the forces in the yaw plane 
and null them. An accelerometer can be used 
for this purpose. As was the case in pitch, 
a rate gyro is necessary to supplement the 
low Inherent damping of the airframe. Since 
in the steady state during a coordinate turn, 
an angular velocity exists about the yaw axis, 
it will be necessary to either compute out this 
rate or to eliminate it from the rate gyro 
indication with the use of a high-pass filter. 
A similar procedure is required for the rate 
gyro in the pitch instrumentation. A block 
diagram of this yaw control systera is shown 
in Figure 55. 
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Figure 55. Yaw Control System with Accelerometer for TUrn Coordination 


Another possibility that exists is shown 
in Hgure 56. This system is based on the 
fart, given the orientation and velocity of the 
aircraft, the conditions for turn coordination 
can then be specified by a turning rate about 
the aircraft pitch and yaw axes. Since rate 
gyros are used in both axes for artificial 
damping, the desired control can be achieved 
by commanding computed turning rates. Since 
no direct measurement is made of the mis- 
coordination in this system, it may be ex¬ 
pected to be less precise than the system using 
an accelerometer. 


Detailed analyses have begun, but have 
not been completed for the system shown in 
Figure 55. No analysis has been performed as 
yet on the other system. 

Although the bending characteristics were 
not available, a general statement can be made 
concerning their effects on this system. An 
accelerometer tends to amplify the bending ef¬ 
fects at high frequencies and can create serious 
stability problems, requiring care in selecting 
adequate filters or places for the physical 
location of the accelerometers. 



Figure 56. Yaw Control System — Call orated Turn 
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The use of a linear accelerometer In¬ 
troduces another consideration Into the stabil¬ 
ity analysis. If the accelerometer Is not 
mounted on the eg of the aircraft. It will sense 
a component of angular acceleration; the sense 
and magnitude of which Is a function of where 
it Is located relative to the eg. Analysea show 
that, to achieve stability for this application, 
the accelerometer should be mounted forward 
of the eg. 

This study has proceeded to the point of 
determining system performance as a function 
of accelerometer position and acceleration and 
rate gyro gain. Future work necessary to 
complete this preliminary analysis Includes 
determination of: 


1. The performance required. 

2. Practical design limitations on loop 
gaine. 

3. The effect of airframe bending. 

4. The effect of major system nonline- 
arltles. 

5. Parameter variations as a function of 
flight conditions. 

The alternate method of control shown 
In Figure 56, as well as others, should also be 
evaluated in order to achieve an optimum 
solution. 
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A radar capable of achieving 100 feet 
resolution in both range and azimuth in a 
vehicle traveling at speeds of 10,000 to 18,000 
feet per second and at altitudes in the range of 
100,000 to 180,000 feet is required. Range 
coverage of 10 nautical miles to 80 nautical 
miles on either side of the aircraft is also 
believed necessary for maximum usefulness 
of the system. Therefore, a study has been 
in effect to determine the special problems 
imposed by the Brass Bell environment, both 
Internal and external, and to explore all po*- 
siblllties for radar reconnaissance. It has 
been the conclusion of previous studies that 
only a velocity-scanned, side-looking radar is 
practical for radar reconnaissance in Brass 
Bell. It has also been previously concluded, 
that to meet the desired resolution capability, 
the techniques associated with coherent Doppler 
reconnaissance radars are necessary. A pos¬ 
sible design for such a radar had been pro¬ 
posed. 

The present study phase began with ef¬ 
forts directed toward a more exact analysis 
of the operation of a previously proposed 
radar, since the existence of discrepancies 
had b*en discovered. It became evident that 
the proposed design did actually present am¬ 
biguous information. Therefore, a more gen¬ 
eral investigation of the radar problem was 
initiated. 

High resolution is obtained in a coherent 
Doppler reconnaissance radar because the out¬ 
puts from a succession of pulse transmissions 
are combined in a manner similar to the v ay 
the outputs of a linear antenna array are com¬ 
bined. Such systems are characterized by the 
presence of side lobes which present ambiguous 
azimuth information. The angular distance to 
these ambiguous lobes Is proportional to array 
spacing or, for a coherent Doppler system, 
to the pulse repetition frequency. By making 
the PRF large enough (array spacing small), 
the angular distance to an ambiguous lobe 
becomes large enough so that it can be at¬ 
tenuated by the pattern characteristic of the 
individual element. However, if the PRF is 
Increased, a new type of ambiguity appears. 


Returns from targets at different ranges with¬ 
in the coverage area are received simulta¬ 
neously. 

Thus, the problem of designing a co¬ 
herent Doppler radar for Brass Bell is one 
of Increasing the PRF without introducing the 
resultant range ambiguity. Methods of dis¬ 
tinguishing overlapping range returns must be 
found. 


A. PULSE-CODED SYSTEMS 

Three coding schemes have been in¬ 
vestigated which appear to have useful prop¬ 
erties. These are: 

1. Chirp coding. 

2. Random binary phase coding within 
the pulse. 

3. Random binary phase coding of a se¬ 
quence of successive pulses, at the 
PRF rate. 

The chirp system, which is now under 
development by Bell Telephone Laboratories 
under contract AF33(616)-2847, la a technique 
for generating a long pulse of wide bandwidth 
to combine the features of high resolution 
and high average power. The operation Is 
based on the principle of matched filters. In 
the Bell Laboratories system, a coding filter 
network which has a time delay character¬ 
istic which varies linearly with time is used. 
If such a filter Is fed a short pulse, the output 
will be a long pulse whose frequency varies 
llnearly with time. This pulse Is then amplified 
and transmitted. Upon return, the long pulse 
is fed into an Inverse network to recreate the 
short jxilse necessary for range resolution. 
For purposes of Brass Bell, several coding 
filters would be required. A block diagram of 
such a system is shown in Figure 57. By 
performing the heterodyning shown, it is pos¬ 
sible to use similar filters for coding and de¬ 
coding. 


REPORT NO. D 143-945-055 
SECRET 


99 


ELIc^^ CMMMTiM 


SECRET 



Figure 57. Chirp System 


Thfl mathematics involved in attempting 
to synthesize the required filter network are 
quite complex, and considerable study should 
be made to determine limitations of this method. 
It is quite obvious that the required filter net¬ 
work will be very complicated. For example, 
the Chirp System of Bell Telephone Laboratories 
consists of 80 cascaded bridged T-networks. 
From the theoretically ideal standpoint, this 
system is attractive, but practical limitations 
may limit its use to two different codes. 

Random binary phasing coding is similar in 
principle of operation to the Chirp System, but 
provides for a different manner of generating 
codes. The individual random binary pulse 
phase coding system creates a long pulse from 
each short r-f pulse of duration r by means 
of a coder delay line which has N taps sep¬ 
arated a distance, r , to create an N-pulse or 
N-position code. The coding consists of a 
random combination of the taps into two groups. 
The polarity of one group is reversed and the 


outputs of all taps are then added. Although the 
grouping of the taps are random-like, each 
group contains an equal number of pulses. 

If a code pulse of amplitude, E, and 
width, N t , is passed through the decoder in a 
reverse direction, the output will consist of 
a decoded pulse of amplitude, NE, with a 
random-like distribution of smaller pulses sym¬ 
metrical about the center for a length (N-l) 
r on each side of the decoder pulse. These 
small pulses can be called decudei noise and 
are similar in effect to antenna side lobes 
except for their random nature. 

In general, the larger the number of code 
positions, the smaller the noise level relative 
to the decoded pulse. Two point targets sepa¬ 
rated by less than Nr but more than r will not 
interfere with each other except for an increase 
in the decoder noise level in the region where 
the noise of each overlaps, provided processing 
is linear. Thus, although the transmitted pulse 
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has a duration N r, the radar range resolution Is 
the resolution obtained by transmitting a pulse 
of width r . In regions where the density of 
targets is high, it is necessary to take special 
care in the selection of the code in order to keep 
decoder noise level low, since each target will 
contribute to the over-all noise. 

Another method of random binary phase 
coding consists of taking N consecutive short 
pulses each separated by the PRF period and 
inverting the phase in a random-like manner. 
This phase inversion Is repeated each N pulses, 
where N is the number of pulses in the Doppler 
summation. Thus, the N consecutive returns 
of any point target will contain a random binary 
phase distribution. Decoding consists of re- 
inverting the returns of each main bang to one 
common phase. During decoding of one partic¬ 
ular main bang, the returns of some other main 
bang will receive a random re-inversion. Thus, 
range ambiguous returns will still contain a 
random phase distribution which will have a 
small value after being summed during pro¬ 
cessing. For this system, as in those de¬ 
scribed above, it is necessary to select a 
random-like sequence so that the noise in¬ 
troduced by ambiguous signals within the an¬ 
tenna beam will be small. The code would 
probably have to be selected by a cut and try 
process. The pulse-coding schemes discussed 
have high rejection ratios for isolated point 
targets. However, the transmitted waveform 
necessary to increase the rejection ratio also 
increases the number of undesired targets 
which can contribute to the over-all noise. 
Since the actual noise level is dependent on the 
number of undesired targets, the over-all signal- 
to-noise ratio tends to be small in regions 
where target density is high. For example, 
the rejection ratio in chirp coding or binary 
phase coding is proportional to pulse length. 
However, the number of noise returns from 
undesired targets is also proportional to the 
pulse length, i.e., within each pulse there are 
many resolvable elements, each of which con¬ 
tributes some noise. Therefore, it appears 
that these systems are usable only where the 
target density is low and where the require¬ 
ment for high resolution is not as important. 


It should be noted that the calculations 
of signal-to-noise ratio have been made on a 
statistical basis and give a result for the average 
noise waveform. The low slgnal-to-nolse ratios 
indicate that a "statistical radar" will operate 
marginally. However, there may be particular 
noise-like codes which give rejection ratios 
much greater than the average. Thelowsignal- 
to-noise ratio calculated would tend to indicate 
that these particular codes are hard to find, 
and, indeed, have not been found thus far. 
Therefore, although it cannot be concluded that 
the solution of the Brass Bell ambiguity prob¬ 
lem is theoretically impossible, it appears to be 
very difficult practically. 

B. MULTI- LOBED ANTENNA 
SYSTEMS 

In the previous discussion, systems were 
investigated wherein the transmitted signal was 
modified so as to minimize the effects of am¬ 
biguities. Another approach is to shape the 
antenna pattern so that it does not illuminate any 
ambiguous targets. For example, the range 
ambiguities can be avoided if second-tlme- 
around echoes are attenuated by means of the 
cut-off characteristics of the vertical pattern 
of the antenna. To obtain complete coverage, 
several vertical lobes are required, each Il¬ 
luminating a strip on the ground. An antenna 
analysis has indicated that vertical apertures 
on the order of 2.5 to 3.0 feet would be neces¬ 
sary for each lobe. This limits the number 
possible because of space limitations within 
the aircraft. Use of separate frequencies 
would ease the aperture size requirements 
because the two-way antenna pattern is used to 
provide attenuation instead of the ont-way pat¬ 
tern. This is achieved at the expense of 
duplications of the transmitter equipment. 


C. OTHER POSSIBLE APPROACHES 

In the search for usable rystems, many 
which were suggested as possible workable 
solutions were not found to be practical. These 
are enumerated below: 
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1. CW noise modulation systems 

2. Two-frequency simultaneous transmis¬ 
sion 

3. Pulsed systems utilizing a noise-mod¬ 
ulated PRF 


D. COMPROMISE SOLUTION 

Consideration was given to what might 
be accomplished if some of the requirements 
specified for the radar system were released. 

A simplification can be provided If only 
one vertical lobe Is utilized In conjunction with 
an antenna hrving a horizontal aperture of about 
17 feet. Such a system would provide cover¬ 
age out to about 35 nautical miles maximum 
ground range, and would work only for speeds 
below about 15,000 feet per second. 

F. RECOMMENDATIONS 

Further Investigation of the coded pulse 
schemes should be made to determine whether 


suitable binary codes can be found. Rejection 
ratios on the order of 40 db are believed 
necessary. 

The chirp technique needs to be examined 
more fully to determine whether suitable filters 
necessary for coding can be built on a practical 
basis. Present filters are very complicated. It 
is not known whether filters, which can generate 
arbitrary codes, can be constructed. The use 
of techniques similar to side-lobe rejection in 
antennas is possible in this system, and It should 
be determined whether suitable rejection ratios 
can be obtained by these means. 

Consideration should be given to making 
available space for larger antenna apertures 
in the Brass Bell airplane. The use of larger 
antennas allows the use of a lower PRF and, 
hence, eases the design. On an over-all sys¬ 
tems basis the trade-offs between vehicle ve¬ 
locity and radar complexity should be deter¬ 
mined, since it is apparent that at reduced 
speeds the desired radar performance is more 
easily achieved. 
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A. GENERAL 

The ferret system investigation was lim¬ 
ited chiefly to an extension of the 850 to 40,000 
me system described in Reference 28 to the 
100 to the 850 me range. Details of the investi¬ 
gation can be found in Reference 3. In general, 
it was found that the approach to the ferret prob¬ 
lem used in the earlier study applies to the 
added frequency range and that most of the tech¬ 
niques recommended also apply. 

B. SIGNAL SOURCES 

Analysis of available information on the 
number of signals which might be expected from 
pulsed radars in this frequency range indicates 
that the frequency density (radars per mega¬ 
cycle) will probably be much lower than is the 
case in the microwave bands (L, S, andX-bands). 
Therefore, it will not be necessary to use very 
narrow receiver bandwidths to separate the 
pulsed radar. 

A major source of signals to be considered 
in the design of ferret equipment is the so- 
calfed "CW Radars”, most of which use some 
form of modulation, and some of which use very 
long pulses in addition to modulation. Included 
in this class are all radars having duty cycles 
appreciably longer than conventional radars. 
One of the most Important of such radars is 
the anti-ICBM radar. The proposed system 
should have the ability to detect, locate, and 
perform technical analysis on such signals. 

Although th» ferret system will not be 
required to gather data on television stations, 
it will be required to gather data on other sig¬ 
nals (such as radars) in the frequency ranges 
used by television stations. There is danger 
that, since the television stations are so nu¬ 
merous and since each station uses a very wide 
frequency range, they may mask the signals it 
is desired to investigate. Fortunately, a TV 
station will not effectively mask other signals 
everywhere in its channel, since the sideband 


power level is 40 to 50 db below the picture 
carrier level. Narrow-bend scanning receivers 
such as those proposed will be able to receive 
other signals in the channel under the proper 
conditions. Flight tests in conventional air¬ 
craft in the United States will be necessary to 
determine receiver threshold adjustments which 
will make such reception possible. 

Other signals such as IFF, communication, 
navigation, etc., will be present in this frequency 
range also. Techniques for bundling data which 
are presently utilized in low-frequency electron¬ 
ic intelligence being performed from the ground 
may perhaps be utilized for airborne systems 
also. 


C. RECEIVERS 

The ferret system proposed for the 850 
me to 40,000 me frequency range uses receivers 
that scan in frequency and are wide open in 
direction. The same techniques, except for di¬ 
rection finding, are suitable for the frequency 
extension. The ability of scanning receivers 
to intercept CW signals is a more important 
advantage in the lower frequency region than it 
was in the original frequency range. 

The width of the bands covered by the 
receivers will be limited to about one octave 
by the practical problem of antenna design. 
Therefore, it is proposed to cover the 100 to 
850 me frequency range In the three bands 
shown in Table XIII. The frequency ranges 
chosen were selected in order to concentrate 
certain television bands into a single ferret 
band. They represent a compromise between 
the desire to provide maximum separation of 
the signals, while minimizing the frequency 
range lost to TV stations, versus the expected 
requirements as regards pulse width and PRF 
of the pulsed signals to be present. 

Using these bands, the minimum PHFthat 
can be measured in band 2 is inconsistent with 
the expected PRF of anti-ICBM radars (30 to 
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TABLE XIII 

FREQUENCY RANGES FOR LOW-FREQUENCY FERRET SYSTEM BANDS 

BanH Frequency KC per No. of Minimum Time per Minimum Pulse Video Noise CW 

No. Range Channel Channels Pulse Width Channel PRF Sensitivity Bandwidth Bandwidth Sensitivity 
Iror) (user) (ms) (pulses/ser) (dom) (cycles) (cyr>s) (dbm) 


1 100-225 250 500 4 20 

2 225-450 500 .50 2 22.2 

3 4 50-850 500 800 2 1 2.5 


50 pulses per second). Techniques for modi¬ 
fying the system to accept such PRF's are pre¬ 
sented in Reference 3. 

The possible CW sensitivities, using a 
post-detector filtering technique, are also shown 
in Table XIII. However, it is more significant 
to compute the power a CW source must have 
in order to be detected at maximum range. If 
the narrowest possible bandwidths (Table XIII) 
are used, the minimum power signal that can 
be received varies from 4 mw at 100 me to 0.5 
watts at 850 me. Here again, flight testing may 
prove useful in selecting and designing the equip¬ 
ment. 

O. DIRECTION FINDING 

The 850 me to 40,000 me ferret system 
uses five antenna beams, each approximately 
24° wide on each side of the airplane to deter¬ 
mine direction of the incoming signal. Unfor¬ 
tunately. antennas designed to provide the same 
characteristics below 850 me, as are specified 
in the high-frequency part of the ferret system, 
would be too large to carry in the airplane. The 
direction-finding techniques for this portion of 
the spectrum must therefore be modified. 

Techniques considered to provide 
direction-finding information include amplitude 
comparison, phase comparison, and narrow 
beam systems. At the present time, the last- 
mentioned system seems best suited for this 
particular function. Instead of using several 
antennas, the use of a single slotted antenna 


100 105 50 3536 124 

90 102 45 4743 123 

160 102 80 6325 122 


for each band has been suggested. The angle 
between the center of the beam and the axis 
of the array can be varied by controlling the 
relative phase, or delay, of the slots. Since 
only one dimension of the array need be large, 
use of such antennas may be feasible from an 
installation standpoint. 


E. OTHER CHANGES 

There will also have to be changes made 
in other parts of the system to accommodate the 
increased frequency range. For example, the 
PRF circuits will have to measure lower PRF’s 
and the pulse width measuring circuits wider 
pulses. Changes of this nature are easily made 
and will have very little effect on the over-all 
system. 

It was stated in Reference 28 that the low- 
frequency ferret could probable not be incorpo¬ 
rated in the same airplane with the high-fre¬ 
quency ferret. This conclusion was based on 
the volume required for the antennas. If slot 
arrays can be used for the low-frenuency 
direction-finding antennas, this conclusion is no 
longer valid, and it seems likely that the entire 
proposed frequency range (100 me to40,000mc) 
can be covered in one airplane. If this is done, 
the increase in physical requirements for the 
combined system would be less than the increase 
in number of bands (37.5 per cent), since most 
of the data handling part of this system is com¬ 
mon to both the low-frequency and high-fre¬ 
quency receivers. 
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This phase of the Brass Bell program has 
been devoted to preparation for specific experi¬ 
mental work in the area of photoreconnaissance 
under very high altitude hypersonic conditions 
(Reference 29). It has been found that the state- 
of-the-art progression of vehicle performance 
in terms of velocity and altitude has not been 
reflected in an equal progression of investigation 
of the corresponding reconnaissance equipment 
environment, and that current efforts are di¬ 
rected primarily at the supersonic rather than 
hypersonic regime. 

Application of the Terrain, Operational, 
and Technical objective reconnaissance mis¬ 
sions (recognition of 20-foot, 5-foot, and 1-foot 
objects, respectively) to Brass Bell character¬ 
istics required revision of the previous MX- 
2276 results, which were based on 118P design 
objectives. The camera size necessary for the 
one-foot requirement suggested application of 
the diffraction-limited, or perfect, lens ap¬ 
proach, using Kodak Aerecon (S.O. 1121 series) 
and Micro File film types to arrive at the 
smallest installable camera capable of the de- 
si-ed performance. This analysis demonstrated 
the influence of camera aperture diameter, 
restricted by photo window installation and fuse¬ 
lage diameter, on resolution limits and on the 
motion during exposure recordable by the sys¬ 
tem. 

This method, based on Boston University 
experimental data, shows that use cf Aerecon 
film at 150,000 feet allows no smaller than 2.1 
and 11.25-foot vertical focal lengths for the 
recognition of 20 and 5-fout low contrast ob¬ 
jects, respectively. One-foot low-contrast ob¬ 
jects requireunlnstallablefocal lengths between 
45 and 50 feet, depending on aperture diameter, 
if Aerecon is used. The use of Micro File 
emulsion requires not less than a 13.0-foot focal 
length for borderline recognition of one-foot low- 
contrast objects, with the Terrain and Opera¬ 
tional missions requiring focal lengths no smaller 
than 0.6 feet and 2.4 feet, respectively. Opti- 
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ALTITUDE — thousands of foot 

Figure 58. Object Recognition Potential for 
Diffraction — Limited, Installable Camera 
Systems Under Various Contrast Conditions 
and with Film Indicated 


mum vertical focal lengths and conditions of use 
are plotted in Figure 58. 

Experiments by Eastman Kodak Research 
Laboratories have shown that, with imperfect 
IMC, focal length in excess of an optimum value 
provides no additional information with a given 
film. For example at 158,000 feet with perfect 
IMC, a 328-inch f/16 system using Pan X film 
will record a 9-inch object on the ground. A 
one per cent IMC error does not allow less than 
a 23-inch object to be recorded, and focal lengths 
in excess of 139 inches is superfluous. 
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Kodak Research Laboratories studies of 
the arm racy of measurement of photographic 
images indicate that, at 150,000 feet altitude, 
measurement of a one-foot object to 5 per cent 
accuracy requires a 52.2-foot local length 
Aerecon system or a 10.4-foot Micro File sys¬ 
tem, using normal image densities. 

The analogy of atmospheric haze effects 
to those of aerodynamic luminosity from the 
boundary layer and/or shock wave has been 
used to predict the effects of photographic con¬ 
trast reduction from this source. A luminosity 
value of 1450 foot-lamberts brightness places 
the apparent contrast threshold at 0.07 in the 
low terrain contrast range and 0.020 in the high- 
contrast areas. Aerodynamic calculations de¬ 
scribed in Reference 11 place the aerodynamic 
luminosity brightness in the 0.5 foot-lambert 
region, which is insignificant. An experimental 
laboratory and free flight program is planned 
to confirm or correct these calculations. 

Normal aerodynamic refraction from 
boundary layer and shock waves has not been 
Investigated in further detail because of the low 
air densities predicted. The possibility of re¬ 
fraction anomalies in air resulting from the 


appearance of absorption lines and bands under 
high-temperature conditions has been raised and 
requires further experimental work (Reference 

U). 

Preliminary calculations, basedonablack 
body peaking at 1800°F (maximum skin temper¬ 
ature), show the photographically visible glow 
from fused silica photo windows will be at a 
brightness of 229 foot-lamberts, equivalent to 
a 5 per cent atmospheric haze condition. Heat 
transfer characteristics of fused silica, leading 
to the temperatures incident on camera equip¬ 
ment, are being Investigated by Corning Glass 
to indicate the necessity of optical or mechanical 
heat control to maintain camera performance. 

Interim results of the Aerial Reconnais¬ 
sance Laboratory High Acuity program demon¬ 
strate the capabilities of carefully controlled 
optical and mechanical components of an air¬ 
borne photographic system in obtaining reso¬ 
lution approaching the diffraction-limited con¬ 
dition. Continuation of this work should con¬ 
tribute greatly to the improvement of equipment 
necessary to meet performance objectives of 
the Brass Bell. 
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A. GENERAL 

During the present study period, the over¬ 
all crew task analysis has been expanded and 
completed to a degree compatible with the detail 
of the various systems involved. In addition, 
specific tasks and the equipment required for 
their accomplishment have been Investigated in 
some detail. One of these tasks is that of 
monitoring ti e progress of the airplane by means 
of external visual or radar references. It has 
been determined that two optical viewing sys¬ 
tems will be necessary, a vertical viewing sys¬ 
tem for the high-speed, cruise portion of the 
flight and a system looking forrard and down 
fcr let-down, approach, and landing. The verti¬ 
cal system would be primarily for use by the 
navigator-observer, while the landing system 
would be primarily for use by the pilot. The 
vertical system has been investigated in some 
detail. 


B. VERTICAL VIEWING SYSTEM 

The design considerations for the vertical 
systems have been investigated, using optical 
systems with various angles of coverage. The 
systems considered all utilise negative distor¬ 
tion In order to obtain wide-angle coverage with¬ 
out extremely large optics or screen presenta¬ 
tion. This distortion is such that near the nadir, 
distortion is minimized, but the distortion in¬ 
creases as the extremes of the area viewed are 
approached. At the present time, a 160-degree 
system, i.e., a system which allows observation 
of a 160-degree cone centered on the aircraft 
nadir, is considered most suitable. 

Figure 59 illustrates the effects of this 
type of distortion. The photograph in this figure 
was taken at 30,000 feet over Middletown, Con¬ 
necticut. This photograph, which has a 73° 44' 
lateral field of view, was made by swinging a 


strip camera through an arc from horizon to 
horizon. The area covered is a function of the 
secant of the observer's angle of view from the 
vertical. The light area on the accompanying 
map illustrates the area covered by the photo¬ 
graph. This figure illustrates the fact that many 
checkpoints can be recognized and utilized even 
though they are appreciably distorted at the ex¬ 
tremes of the picture. At the same time, the 
area around the nadir can be used for a more 
precise information or position comparison. 

The 160-degree system described above 
has the follo’/ing characteristics from 180,000 
feet. An ob ?ct 168 nautical miles ahead would 
appear in the display and move at a rate of 0.25 
degree per second until approximately 90 
miles from the nadir. From this point on, the 
apparent motion will accelerate to a maximum 
of approximately 5.7 degrees per second at the 
nadir. The motion rate will then decrease until 
the object passes from view 168 nautical miles 
behind. The maximum time in view (whi 'h will 
occur for objects located ini the line of flight 
diameter of the presentation) from this altitude 
will be 114 seconds at a velocity of 18,000 feet 
per second. 

C. VERTICAL VIEWING SYSTEM 
DISPLAY 

The 360-degree azimuth coverage re¬ 
quired for this display, dictates that the display 
area should be circular. Previous studies have 
been based upon providing three 10 or 12-inch- 
diameter displays (radar, map, and visual) for 
the navigator-observer. By combining these 
into a single unit upon which /any of the three 
presentations may be displayed at any time, the 
diameter may be Increased to 18 inches. This 
increased diameter should make possible an 
increase in centra! magnification to approxi¬ 
mately 8X as compared with 6X fora 12-lnch 
screen. 
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D. RADAR DISPLAY 

There is some question as to whether or 
not the cockpit radar display must be capable 
of providing the detail which the reconnais¬ 
sance radar is capable of obtaining. It is 
doubtful that the crew will require this much 
detailed information to perform their tasks. 
It appears that an 18-inch display would provide 
this capability, provided the smallest spot size 
presently attainable is incorporated in the sys¬ 
tem. 

E. COMBINED DISPLAY 

The combination of the radar, optical, and 
map displays into a single unit upon which any 
of the three presentations could be displayed 
has several attributes from a human factor 
standpoint. One of the problems involved is 
that, in order to provide the same scale (hence, 
distortion) for all three, it would be necessary 
to provide a system which would distort the 
map and radar presentations in the same man¬ 
ner that the vertical viewing system distorts 
the terrain. This technique is more advan¬ 


tageous than rectifying the vertical system dis¬ 
tortion, because of the larger field of view thus 
made possible on a fixed-size display medium. 
Systems which appear feasible and will provide 
the necessary distortion have been devised. 


Utilizing the same screen (or other med¬ 
ium) for both radar and visual displays would 
facilitate examination of checkpoints using both 
systems. Since the visual system looks ahead 
while the radar does not, an object entering 
the optical field of view could be observed aid 
an estimation of where it would enter the radar 
field of view could be made. This same object 
could be observed as it traveled through the 
radar field of view. 


With the combined display, the relative 
position of each object would remain fixed (within 
error limits) as the navigator-observer switched 
his sensor presentation. This would minimize 
reaction time required for focusing the eye and 
re-identification of an object as compared with 
a side-by-side display. 



Figure 60. Radar and Vertical Viewing System Projection cn Single Screen 
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Figure 60 illustrates the relative positions 
oi the distorted and undistorted radar display 
upon either the distorted visual or map display. 
The center of the circular display area would 
be the aircraft nadir. The much greater field 
of view obtainable with the distorted visual sys¬ 
tem is very apparent from this figure. 


F. WEIGHTLESSNESS 

During the cruise portion of the flight, the 
crew will be subjected to normal g forces vary¬ 
ing from approximately 0.5g at Initiation of 


cruise to l.Og at flight termination. The effects 
of g reductions of this magnitude may well be 
limited to sensomotor accommodation only, and 
produce no ill effects at all. The results of tests 
at the School of Aviation Medicine indicate that, 
in persons subjected to nearly zero gravity (less 
than 0.1 g) for very short times, the effects 
varied from sickness to enjoyment, depending 
upon the individual. These tests suggest that 
an Immediate solution to the problem lies in the 
selection of personnel who are not adversely 
affected by this phenomenon. If additional so¬ 
lutions become available as a result of further 
testing, these may also be utilized. 
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A. GENERAL 

An integrated ground support program en¬ 
tails consideration of all development sequences 
associated with the weapon system. The areas 
discussed in this section are those which appear 
to involve unusual or significant problems. 


B. NEW DEVELOPMENTS 

1. ROCKFT ENGINE TEST FACILITY 

To insure the high reliability required 
of a rocket-powered, manned aircraft, it is evi¬ 
dent that a large number of static powerplant 
firings will be required. Therefore, a test facil¬ 
ity which permits large numbers of powerplant 
hot firings, coupled with extensive system tests, 
must be provided. Figure 61 shows the major 
features of a rocket test facility, including under¬ 
ground propellant storage tanks. Since high 
energy propellants such as fluorine and ammonia 
or hydrazine, may be required, particular at¬ 
tention must be given to their logistics and to 
their handling and storage peculiarities. Fluor¬ 
ine production, for example, requires large 
plants for a limited output (10 tons per day 
from a six-acre plant). One full-duration flight 
of the Brass Bell system using fluorine in both 
stages will consume about 46 tons of liquid 
fluorine. From these figures, it is evident that 
large storage facilities must be provided at the 
usage points. These can then be supplied by 
remotely located generating plants which operate 
full time. 

Ammonia or hydrazine present fewer 
problems, since their physical properties are 
well known. Large quantities are presently 
produced, and they are less toxic and corrosive. 

With the increase in feasibility of high- 
impulse, long-burning solid propellants, many of 
the liquid-propellant rocket problems could be 
obviated. Present trends in solids indicate 


the possibility of mixing and casting the grain 
at the test site. This would not only solve the 
toxicity and corrosion problems, but would also 
eliminate the necessity of transporting a large 
fragile booster from assembly plant to test 
facility. 

2. SUBSYSTEM CHECKOUT 

Other systems checked out at the rocket 
engine test facility will include the cooling sys¬ 
tem, and all internal subsystems. Operation of 
the ferret, radar, and photographic subsystems 
will be monitored during test firings and ser¬ 
viced by standard instruments. The nose and 
leading edge cooling systems will require some 
unusual servicing techniques, however. Two 
such cooling systems are proposed for Brass 
Bell. The first utilizes the high heat of vapor¬ 
ization of a liquid metal such as lithium. The 
second depends on the high heat capacity of 
compressed hydrogen. Figure 62 shows the 
schematic for a lithium ground supply and 
flushing scheme to be used for charging, re¬ 
moving, and cleaning the liquid metal system. 
All of the components, with the exception of the 
flushing system and the power supply, will be 
mounted on a single vehicle for mobility and 
.handling ease. 

Considerable work has been done at 
Bell Aircraft on a liquid hydrogen-fueled air¬ 
plane. The pertinent conclusions reached from 
this work are: (1) transportation in the quan¬ 
tities required (707 pounds per flight) is feasible; 
(2) production of liquid hydrogen from the raw 
material rhould be done at the point of usage, 
if outside of the zone of interior as in an oper¬ 
ational Brass Bell site; and (3) economical 
production schemes using portable units can be 
available for the Brass Bell operational period. 

C. TRANSPORATION 

Transportation of the Brans Bell stages 
from the assembly plant to the i.st site will be 
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Ft&ure 62. Liquid Metal Supply System 
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accomplished by either C-133A cargo aircraft, 
railroad flatcar, tractor and semi-trailer, or 
cargo ship. The wings and vertical tail of the 
final stage must be removed, and many of the 
more delicate subsystem components will be 
shipped uninstalled in the airframe. 

0. TRAINING 

Extensive us* of ground simulators and 
aids and particular emphasis on crew education 
in the fields of aerodynamics, flight mechanics, 
propulsion, and navigation will form the basic 
training philosophy. Supplementing this ground 
school training will be transitional flight training 
from modified operational aircraft to a final 
stage Brass Bell airplane dropped from a car¬ 
rier, and later to vertical take-offs using all 
stages. Flights incorporating en-route navi¬ 
gation and reconnaissance problems will follow. 

E. ORGANIZATION 

Figure 83 shows a typical organizational 
breakdown fer the Brass Bell Reconnaissance 
System operating in conjunction with a SAC 
bombardment group. The bombardment vehicle 
could be either an advanced ICBM or a manned 
rocket -powered hypersonic glide bomber simi¬ 
lar to Brass Bell, possibly with global capabil¬ 
ities. 

It is assumed in this figure that the nine 
bomber take-off sites are supplied with intel¬ 
ligence information from three reconnaissance 
sites. If information from a continuous sur¬ 
veillance type of mission is required, the 1:3 


ratio may be unconservative. On the other 
hand, if intelligence requiring less numerous 
flights is desired, the ratio may be high. 

The Brass Bell take-off sites are serviced 
through a support facility where sufficient com¬ 
ponents and spares are kept in ready storage, 
and where checkout and trouble-shooting equip¬ 
ment is available. The depot level will include 
equipment and supplies sufficient for the antici¬ 
pated requirements of the serviced units as well 
as management of the propellant production and 
supply schemes. 


F. TAKE-OFF SITE COMPARISON 

Two types of take-off sites were investi¬ 
gated, each of which utilizes large propellant 
storage facilities. 

1. A system composed of fully mobile 
service units attached to an existing Air Force 
bomber base. 

2. A completely independent underground 
operation. 

These types represent distinctly differ¬ 
ent reconnaissance site concepts. The first 
has the features of economy, minimum reaction 
time, and close group support at the expense of 
high vulnerability due to close association with 
a prime target. The second scheme represents 
a costly means of achieving a high degree of 
base hardening, but provides long operational 
life expectancy. 
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As a result of this study, the following 
conclusions have been drawn. Some of these 
conclusions, which were reached in earlier 
studies, but have been substantiated as a result 
of the present studies, are repeated. 

A. 'fhe performance objectives stated In the 
current contract can be achieved with a manned, 
hypersonic, glide aircraft vhich Is boosted to 
the necessary Initial speeds and altitudes by 
two stager of boost. A typical configuration 
would weigh in the order of 190.000 pounds. 
The final stage Is launched to an altitude of 
approximately 170,000 feet and a velocity of 
18,000 feet per second; during the mission It 
glides down to an altitude of approximately 
100,000 feet and a velocity of 4000 feet per 
second, l uring this glide It attains a range of 
5500 n- jtlcal miles. 

B. The desired photographic capabilities (re¬ 
solvable surface dimensions of 20 feet, 5 feet, 
and 1 foot) can be obtained by photographic 
techniques which are known today. In order to 
achieve the one-foot capability, in the case of 
low-contrast objects, with a system compatible 
with space available in the airplane, the use of 
a system utilizing Micro-File emulsion will be 
required. A tchal of three interchangeable 
camera Installations will be required. 

C. Analysis of radar techniques for resolving 
ground dimensions of 100 feet or less, achieving 
the area coverage desired, and maintaining a 
small antenna length give results which Indicate 
marginal operation. Techniques for compromise 
solutions have been determined, but the selection 
of a recommended technique has not been made. 


D. Ferret systems capable of operating from 
this vehicle and performing both radar order of 
battle and technical Intelligence missions over 
the frequency range from 100 to 40,000 mega¬ 
cycles can be developed. The systems recom¬ 
mended utilize frequency scanning with super¬ 
heterodyne receivers. Only two Interchange¬ 
able Installations will be required, one for each 
type of ferret mission. 

E. An Inertial navigation system can provide 
the necessary accuracy and information for 
stabilization of both the vehicle and the recon¬ 
naissance equipment. To achieve the accuracy 
and flexibility required by the one-foot photo¬ 
graphic resolution requirement, some means of 
improving the navigation system performance 
may be necessary. 

Fj The feasibility of double-wall construction 
has been demonstrated In wind-tunnel and ther¬ 
mal tests; and designs which show advantages 
from a produclbility standpoint have evolved. 

G. Tests of metallic materials show promise 
for raising the present temperature limit of 
double-wall construction from 1800* F to 1800*F; 
limited tests of ceramic sandwiches Indicate 
the possibility of raising the limit to 2500*F. 

H. Continued tests of a representative liquid 
sodium evaporative system shows thtc approach 
to the absorption of heat from the hot-spot 
areas to be satisfactory. 

I. The use of hydrogen as a coolant and the 
results cf designs, analyses, and tests of re¬ 
fractory materials show promise as alternative 
methods of handling hot-spot areas. 
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J. The results of aerodynamic research 
efforts have increased the confidence factor 
significantly with respect to hypersonic glide 
feasibility. In particular, the aerodynamic 
heating predictions have shown excellent cor¬ 
relation with free-flight data. 


K. A further understanding of the environ¬ 
mental effects of hypersonic flight on the recon¬ 
naissance sensors have been achieved. Indi¬ 
cations thus far are that no unavoidable prob¬ 
lems are to be expected. 
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Reference 1 presents a detailed recom¬ 
mended program for the next year on Brass 
Bell. Some of the major items presented In the 
reference are: 


A. Design of the weapon system should be 
established in the form of a preliminary con¬ 
figuration. This should Include incorporation 
of test results and subsystem developments. 

B. The experimental program should be ex¬ 
panded: 

1. The airplane configuration should be 
tested throughout the complete speed range, 
subsonic, transonic, supersonic, and hypersonic. 

2. Hypersonic flow phenomena should re¬ 
ceive continued effort; special consideration 
should bo given to the state of the air Immedi¬ 


ately surrounding the vehicle in the region of 
the reconnaissance sensors. 

3. Refinement of the double-wall design 
should continue. 

4. Tests of the three techniques (hydrogen, 
liquid metal, refractory) for handling the hot¬ 
spot arevs should continue until a selection c! 
the best technique can be made. 

C. Subsystem component evaluation should 
be initiated where the subsystem has been 
defined to this extent. When the subsystem 
has not been defined satisfactorily, over-all 
system analysis should continue. 

D. Analysis of the mission function, utiliza¬ 
tion of reconnaissance data, and the integration 
of reconnaissance information should be con¬ 
sidered in more detail. 
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The following reports, published by the Bell Aircraft Corporation, contain the results of 
previous investigations of rocket-boosted hypersonic weapon systems performed under USAF 
as well as corporate sponsorship. 


Report No. 


Title 

Date 


S-13077 

BO MI 

Long-Range Strategic Weapon 
System (Brochure) 



D143-945-010 

BOMI 

Strategic Weapon System — 
Preliminary Design 



D143-945-011 

MX-2278 

Advanced Strategic Weapon 

System — Interim Technical 
Report 

15 July 

1953 

D143-945-012 

MX-2276 

Advanced Strategic Weapon 

System — Aerodynamics 

29 April 

1955 

D143-945-013 

MX-2276 

Advanced Strategic Weapon 

System — Structures 

29 April 

1955 

D143-945-014 

MX-2276 

Advanced Strategic Weapon 

System — Preliminary Global 
System Study 

29 April 

1955 

D143-945-015 

MX-2276 

Advanced Strategic Weapon 

System — Radar 

29 April 

1955 

D14:;-945-016 

MX-2276 

Advanced Strategic Weapon 

System — Navigation and 

Control 

29 April 

1955 

D143-945-017 

MX-2276 

Advanced Strategic Weapon 

System — Propulsion 

29 April 

1955 

D143-945-010 

MX-2276 

Advanced Strategic Weapon 

System — Final Summary 

Report 

29 April 

1955 

D143-945-019 

MX-2276 

Advanced Strategic Weapon 

System — Program Plan 

31 March 

1955 

D143-945-020 

MX-2276 

Configuration Study — Design 
Analysis 

25 May 

1955 

D1 •‘•3-945-021 

MX-2276 

Configuration Study — 

Structural Analysis 

25 May 

1955 

D143-945-022 

MX-2276 

Configuration Study — 

Aerodynamic Analysis 

25 May 

1955 

D143-94:> 023 

MX-2276 

Advanced Strategic Weapon 

System 

August 

1955 

D143-945-024 

MX-2276 

Reconnaissance Aircraft 

1 December 

1955 


Weapcn System — Aerodynamics 
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D143-945-025 

MX-2276 

Reconnaissance Aircraft 

Weapon System — Structures 

1 December 

1955 

D143-945-026 

MX-2276 

Reconnaissance Aircraft 

Weapon System — Navigation 
and Control 

1 December 

1955 

D143-945-027 

MX-2276 

Reconnaissance Aircraft 

Weapon System — System 

Design 

1 December 

1955 

Dl43-945-028 

MX-2276 

Reconnaissat.ee Aircraft 

Weapon System — Ph'*ographlc 
Subsystem 

1 December 

1955 

D143-945-029 

MX-2276 

Reconnaissance Aircraft 

Weapon System — Summary 

Report 

1 December 

1955 

Dl43-945-030 

MX-2276 

Advanced Strategic Weapon 

System Supplementary Report 

1 December 

1955 

Dl43-945-031 


Proposed Ames Supersonic 

Tunnel Tests of Double- 
Wall Construction 

29 October 
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Dl43-945-032 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Proposed 

Plan 

2 July 

1956 

Dl43-945-033 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Aerodynamics 
Design Vol. I and II 

29 October 

1956 

D14."-945-034 

Brasr Bell 

Reconnaissance Aircraft 

Weapon System — Aerodynamics 
Research 

29 October 

1956 

Dl43-945-035 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Flight Control 

29 October 

1956 

Dl43-945-036 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Radar 

29 Or toner 

1956 

Dl43-945-037 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Structures 

29 October 

1956 

Dl 43-945-038 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — System 

Design 

29 October 

1956 

Dl 43-945-03** 

Bras* Dell 

Reconnaissance Aircraft 

Weapon System — Summary 

Report 

29 October 

1956 
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D143-945-041 

Brans Bell 

Reconnaissance Aircraft 

Weapon System — Electrical 

System 

29 October 

1956 

Dt43-945-043 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Program 

Plan 

1 March 

1957 

D143-945-047 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Program 

1 August 

1957 

D143-945-048 

Era^s Bell 

Reconnaissance Aircraft 

Weapon System — Briefing 
(Brochure) 

1 July 

1957 

D143-941-001 

Brass Bell 

Criteria and Loads 

29 October 

1956 

D143-941-002 

Design Study 

Liquid Metal Cooling 

Systems for "Hot Spots" 

29 October 

1956 

D143-941-003 

Design Study 

Secondary Structure 

29 October 

1956 

D143-941-004 

Design Study 

Outer-Wall Panels and 

Insulants for Primary Structure 

29 October 

1956 

D143-941-005 

Design Study 

Auxiliary Power from Aero¬ 
dynamic Heating 

29 October 

1956 

1)143-941-006 

Design Study 

Water Cooling System for 

Primary Structure 

29 October 

1956 

D: 43-941-007 

Design Study 

Primary Structure 

29 October 

1956 

DI43-941-008 

Study of Ground Winds, Gusts and Wind Shears 

29 October 

1956 

D143-941-009 

Study of Acoustic Loadings 

29 October 

1956 

D143-941-010 

Test Resulta - 

Thermal and Wind Tunnel 
Double-Wall Construction 

29 October 

1956 

D143-941-Oil 

Test Results - 

Cooling System for Primary 
Structure 

29 October 

1956 

D143-941-012 

Test Results - 

Internal Airflow in Double- 
Wall Const wet* cm 

29 Ortobci 

1956 

LI 43-941-013 

Test Program Plans - Structures 

29 October 

1956 

D143-941-014 

Test Results and Test Program Plans - Materials 

29 October 

1956 

D143-941-015 

Test Results and Test Program Plans - 

31 October 

1956 



Liquid Metal Cooling System 
Prepared by the Callery 

Chemical Company, 

Callery, Pennsylvania 
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Load and Stress Analysis of Ames Wind Tunnel 

29 March 

1957 
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D143-941-017 

Test Results - Liquid Metal Coolant 

Prepared by the MSA Research 
Coiporation 

Callery, Pennsylvania 

21 March 

1957 

D143-984-001 

Work Statement - Information for Materials 

Program Covering Coatings, 
Insulants and High Temperature 
Resistant Materials 

29 October 

1956 

D143-978-001 

Preliminary Study of the Flow over a Blunt Flat 

Plate at Various Angles of Attack at M * 13.3. 

Part 1: Studies of Flat and Hemicyllndrical 

Leading Edges — Prepared by Princeton 

University 

15 May 

1956 

D143-978-002 

An Exploratory Study of a Delta Wing at Hypei- 
sonic Speeds — Prepared by Princeton University 

10 June 

1956 

D143-978-003 

A Preliminary Study of the Effect of Sweep Back 

Angle of Shock Shape of Hypersonic Speeds — 
Prepared by Princeton University 

29 June 

1956 

D143-978-004 

A Study of a Blunt Flat Plate Trailing Edge Flap 
Interaction at Hypersonic Speeds — Prepared by 
Princeton University 

9 July 

1956 

D143-978-005 

Preliminary Study of the Flow 6ver a Blunt Flat 

Plate at Various Angles of Attack - Prepared 
by Princeton University ; 

1 October 

1956 

D143-978-006 

An Exploratory Study of a Delta Wing at Hypersonic 
Speeds — Prepared by Princeton University 

1 December 

1956 

D143-978-007 

An Exploratory Investigation of Wing Body Inter¬ 
ference at Hyper«onic ^°eds - Prepared by 

Princeton University , 

February 

1957 

D143-978-008 

Induced Pressures on Flat Plates in Hypersonic 

Low Density Flow — Prepared oy University 6f 
California $ 

25 January 

1957 

GE Report 
R56A0161 

Brass Bell Reconnaissance Aircraft 

Wa-%niyn fiwotom — 

31 October 

1956 

CAI Report 

1725 

Brass Bell Reconnaissance Ah craft 

Weapon System — Photographic 
Analysis 

31 October 

1956 

AIL Report 
3887-1 

Brass Bell Reconnaissance Aircraft 

Weapon System — Ferret 

31 October 

1956 

PRA Report 
56-16 

Brass Bell Reconnaissance Aircraft 

Weapon System — Human 

Factors 

31 October 1956 
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Dl 43-945-049 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Aerodynamic 
Research 

31 August 

1957 

D143-945-050 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Structures 

31 August 

1957 

Dl 43-945-051 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Flight 

Control 

31 August 

1957 

Dl43-945-052 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Radar 

31 August 

1957 

Dl 43-945-053 

Brass Bell 

Reconnaissance Aircraft 

Weapon Sv*tern — Photographic 
System 

31 August 

1957 

Dl 43-945-054 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Weapon 

System 

31 Aigust 

1957 

Dl 43-945-055 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Summary 

Report 

31 August 

1957 

Dl43-978-009 

An Exploratory Study of a Delta Wing at Hyper¬ 
sonic Speeds, Pa:t HI: Pressure Distribution 

Studies on a 30° Included Angle Delta Wing at 

Angles of Attack. Princeton University Report 

31 August 

1957 

D143-978-010 

Pressure Distributions on Blunt Nosed Cones 
in Hypersonic Low Density Flow — University 
of California Report 

31 August 

1957 

Dl 43-978-011 

The Effect of Swecpback Angle on the Pressure 
Distribution of a Blunt Flat Plate at Hypersonic 
Speeds, Part II: Studies of a Hemicylindrical 

Leading Edge Flat Plate at Angle of Attack » 

•5° and M = 13.3 — Princeton University Report 

31 August 

1957 

Dl 43-941-018 

Brass Bell 

Reconnaissance Aircraft 

Weapon Sy»l»-m — Trsl - 

Strength, Th r-.iaJ, Vibration 
and Noise — Double Wall Con¬ 
struction 

31 August 

1957 

Dl43-941-019 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Cooling 

System of Double-Wall 

Construction 

31 August 

1957 

Dl 43-941-020 

Brass Bell 

Reconnaissance Aircraft 

31 Aug .st 

1957 


Weapon System — Internal Air 
Flow in Double-Wall Construc¬ 
tion \ 
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D143-941-022 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Ckiter Wall 
Materials 

31 August 

1957 

L>143-941-023 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Thermal 

Insulants and Cooling Tube 

Bonding Materials 

31 August 

1957 

D143-941-024 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Test 

Results Refractory Materials 
for Hot S^ot Areas 

31 August 

1957 

D143-941-025 

Brass Bell 

Reconnaissance Aircraft 

Weapon System — Design 

Studies and Test Results 

Lc:.d|n- Edge Celling Sy**-m 
Prepared by MSA ite search Corp. 
for Bell Aircraft Corporation 

31 August 

1957 

D143-941-027 

Test Shipment Investigation — Induction Heating 
for Leading Edge Testing — Prepared for Bell 
Aircraf’: Corporation by R. W. Sampson, Consultant 

31 August 

1957 | 

I 

R57-APS 83 

Brass Bell 

Reconnaissance Weapon System 
Navigation .Part n t>ne~'l 

Electric Company };«>port 

31 August 

1957 | 

1 

2«05- >-7 

A Study of the Hypersonic Laminar Boundary 

Layer with Dissociation.Part I — University 
of Michigan Report 

31 August 

1957 1 
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